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EXECUTIVE OYERVYIEW

The proposed Manned Mars Mission i5 an exciting item on NASA's
agenda of future space exploration and a logical step after the completion
of the space station. The preliminary design efforts at GOTC toward this
proposed mission include the Mars Ascent / Descent Vehicle and the
surface Habitat / Laboratory. This final report describes the detailed
efforts and accomplishments of the GOTC during the second phase of the
preliminary design process and a total analysis and design wrap-up for the
entire Mars Project at GOTC. The important results and conclusions from
the Preliminary Design Phase | Report are included, but the in-depth trade
studies are not. Interested parties are referred to the Phase | Report for
the pre-design anaiysis and research upon which the A/D vehicle and the
Hab / Lab final designs are based. Preliminary Design Phase | consisted of
research and trade studies supporting the A/D vehicle and the Hab/Lab in
such areas as radiation protection, in-situ chemical production, propeliant
selection, de-orbit deita-V analysis, aerodynamic analysis, surface /
geological studies, and others. Preliminary Design Phase || consisted of,
for the A/D vehicle, the determination of the mission scenario and orbitai
operations, vehicle mass and volume sizing and configuration, ascent and
descent trajectory anaiysis, and propulsion system design. For the
Hab/Lab, Preliminary Design Phase 1l--consisted of material selection and
methods of structural assembly.
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1.0 GENERAL SUMMARY

In September of this year, there were two itemns noticeably lacking in
previous design groups’ concepts of a Manned Mars Miszion. These two
important facets were 3 manned ascent / descent vehicle and a novei,
practical surtace habitat and laboratory for permanent exploration and
presence on Mars. During the past few months, the General Orbital
Transportation Corporation has been working diligently to provide

preliminary designs to fill these gaps in the Mars Mission concept. During

W)

the conceptual design phase, several ideas and cptions were presented and
reviewed for both the A/D vehicle and the Hab/Lzb. During this phase

basic mission requiraments were defined and a pian for approaching the
design probiem was formulated. The designs were required to fuifill long

term goals of space

T
>

cxploration, obtain some degree of reusability, and

-

Y

develop a permanent presence on the Martian surface. Also, the proposed
designs chould nct te mission specific. Eoth the A/D vehicie and the
Hab/Lab must be deszigned to function within a reasonable range of
expected landing areas and conditions. Since the exploration of the entire
Martian surface is the ultimate goal, the proposed designs should be
flexible enough t¢ accommodate a variety of surface scenarios. With these
goals in mind, the GOTC Corporation, designed a single stage Ascent /
Descent vehicle which can operate .fro_m a given parking orbit via a nurnber
of "worst case” descent orbits 1o a wide range of latitudes on the Martian
surface, hover for several minutes before landing, and return to the
parking orbit via areasonable ascent scenario. The design also allows for
mission flexibility after the start of in-situ propellant production since
the vehicie can refuei on-orbit or at the surface.

After detailed research and analysis of several and concepts, GOTC

selected a geodesic Habitat / Laboratory design which has the advantages



of minirnurn weight and maximurm  usable space . By partially
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he structure, the construction time on the surface can pe
minimized, allewing more time for exploration and scientific
investigation during the 60 day stay on the surface.

The design effort at GOTC

[$Y)
w

sumed a separate unmanned Cargo
Descent Vehicle {(CDV). A non-reuysable CDV was studied during previous
contract periods this year. This two-vehicle zpproach avoids the
structural weight penalty of boosting a empty cargo volume back to orbit.
GOTC envisions one or more cargo descent vehicles lznding on the surface
before the rnaned vehicle. Then, the manned Ascent / Descent craft would
fly to the carge descent vehicles and land at a reascnatie distance . The
CDV's will contain the Habitat/Laboratory, nuclear power =ource for
surface  operaztion, rnobite  rover/shabitat, scientific  egquinment,
consurnrnables, lunar-tvpe ¢pen rovers, and any other eoguipment or
provisions needed for the mission. The CDV's would also contain in-situ
oxygen and prepeilant production equipment.

in general, the Manned Mars Mission Project at GOTC has remained

within budget znd on

Lﬂ

edule except for some techniczl and publishing
problemns related to Preliminary Design Review | Report. Also, the

complexity of the Ascent / Descent analysis has forced GOTC to abandon

plans for & detailed analysis of the vehicle guidance and control, a general
contamination study affecting both deczigns, and a more detailed specific

surface scenario .
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2.1 - Dome Geometry

The dome shape has many advantages over other types of enclosing
structures. The hemisphere encloses the greatest volume with a minimum
of surface ares, and therefore 3 minimum of construction materials.
Dividing the dome surface into inherently rigid triangles produces a
strong, lightweight, and space efficient structure.

Almost all geodesic domes built today are based on variations of the
icosahedron shown in figure 2.1.1. By dividing each triangular face into
smaller triangles, the polyhedron becomes stronger and more spherical
simultaneously. Two factors govern the division process: division method
and frequency of division. Figure 2.1.2 demonstrates the two popular
methods of dividing the triangles. Both methods have advantages over the
other. The triacon method has greater symmetry and requires fewer
different strut lengths. However it i possible only in even frequencies
and cannot be divided into hemispheres without cutting some triangies in
half. The altenate method requires slightiy more struts but is possible in
all frequencies and can be easily divided into hemispheres.

In figure 2.1.2, the labeis 2v, 3v, 4v, etc. refer to the frequency of
division. The number corresponds to the number‘ of divisions in each leg of
the original icosahedron triangies. The alternate method was chosen for
the habitat dome due to its abiiity to form nice hemispheres and the 3v
design was chosen for its balance of simplicity and general spherical
shape. Although the 4v design is more spherical, stronger, and uses
shorter, more manageable struts, it requires 250 such struts in 6
different lengths and 91 joints. This might prove overwhelming to an

astronaut required to construct a habitat in less than one week.
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Figure 2.[.1 - The lcosahedron

Figure 2.1.2 - The Triacon and Alternate Division Methods
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MALre L0 3 EN0ws 20 exploded view of the 2v, Sy, and &y hemispheric

< ai
iormes and Table 201 presents important data on each one. Mate that the
desian s marked 33 2 3/% dome.  Thiz refers 1o the fact that add

struts. One-third of the tr iangle can be used to form s}ightly iess than a
herisphere (3/8 dome), or two-thirds of a triangle can be used to form
slightly rmore than a hemisphere (5/2 dome). The 2/8 design works quite

well with the habitat design becauze z true hemizphere would lea
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unusable space at the zemith of the dome.

that the 3/3 dome must have a radius of curvature greater than the planar

In orger to understand the 3/8 2v icosah

(’tn

dron design, we built z
1/20th scele model. 2ne nundred and twenty struts were cut from plast

straws in thres varying sizes. The straws were connected with 46 nubs
using pipe clezner zegments and glue.  Several units were assembled first
(i.e. top pentagon, lower base hexagons,ect.) then joined together to form
the domne. Connecting the dorme parts proved simple with a color code
scheme and an expicded top view pattern.  Despite some glueing
difficulties, total construction time equalled approximately five hours.
The mmodel provided 2 visual aid for the Hab/Lab geodesic dome.
Furthermore, the rmodel assembly preocess demonstrated the ease of

construction the astronauts will face.




Figure 2.1.3 - Exploded View of 2V, 3V, and 4V Domes



Table 2.1.1 - Data for Various Dome Configurations

Sides Corners Edges Different struts
icosahedron 20 12 30 1
lv alt. * 15 16 30 2
2v alt. 40 26 65 2
Sv alt, ** 72 46 120 3
4y alt 160 21 290 &

* The v has “half” triang]'e or trapezoid sides; not stable.

** The 3v is @ "3/8" dome. It is not & true hemisphere.

Table 2.1.2 - Strut Lengths for a 4.3 meter Radius Doms.

Strut lengths {meters)

1y 452 226

2y 266 235 -

3y 1.499 1.725 1773

4y 1.089 1.26G 1.266 1.345 1.297 1.264

/Z"« )



2.2 Habitat Construction

2.2.1 Design Possibilities

Three different habitat configurations were considered for this design
report. Each configuration resuits in the same basic habitat structure, e.g.

a cylindrical lower section and a hemizpherical upper section.

DESIGN #1 - The dore and cylindrical section are constructed entirely by
the crew on the Martian surface from prefabricated jeints, beams, and
panels. This design has the advantage of being very lightweight and easy
to transport from Earth. Because the entire structure can be packed flat,
1t requires little velume on the cargo descent vehicle (CDV) and is unlikely
to recieve any darage during transport. However, just as in buiiding 3
house, all interior features must be built or installed before the structure
is habitable. This includes time-consuming work such as the installation
of electrical power cables and plumbing, the construction of interior
walls, and the placement of appliances. This method would require
approximately fifteen to twenty days to complete construction. Because
the mission requirements allow only sixty days on the Martian surface, a

design involving complete construction is not feasible for a first mission.

DESIGN #2 - To avoid the long construction periods required by the totally

constructed habitat design, a seif contained habitat with a collapsable



dome frame was studied. This design has all interior features built into
the enclosed lower section. The prefabricated section would relieve the
astronauts of a great deal of construction labor. All life support
equipment and crew accomrnodations are completely prefabricated in the
lower section, and living space is used for laboratory equipment storage.
An inflatable pressure structure and the dome framework are collapsed on
top of the prefab section. "Construction” of this design consists of
positioning the structure, expanding the dome frame, and inflating the
interior bag. The construction operation could be accomplished in three to
four days, making this option the best in terms of time and ease. However,
a collapsable framework dome requires rather complicated hinged joints
and multi-sectioned co‘.lapéab!e struts. Due to the sheer number of joints
and struts required, this design was found to be unreliabie. It would
require in excess of 500 moving parts and therefore would be susceptible
to vibration and/or heat damage during transport. It would also be
difficult to confirm that each section had deployed fully. This design
would require additional heavy deployment and moving equiprnent due to

its great mass.

DESIGN #3 - The third design considered is a trade off between the two
previous designs. !t uses the completely prefabricated lower section of
the second design but has a crew assembled deme frame. This partially -
constructed habitat incorporates the tremendous time saving advantages
of the second design without the overwhelming complexity of the
collapsing dome frame. As in the first design, the dome materials would
be lightweight and easily transported. A habitat of this type would be
fully operational in five to seven days. Although the partially-constructed
habitat is nearly as massive as the fully prefabricated one, its design

simplicity, reliability, and ease of construction far outweigh the low mass
of the first design.




2.2.2 Cylinder/Dome Construction Details

All surface construction on the Hab/Lab, whether it be on the domed
second level or the cylindrical first level, will share the same basic
method of assembly. Hollow tubes made of a graphite cornposite wiil be
inserted into prefabricated hubs. Locking tabs will aliow the thin-walled
tubes to be securely attached to the hubs (Figure 2.2.1). These tubes and
hubs are able to be stored and shipped rmuch more efficiently than totally
prefabricated structures. A graphite composite was chosen as the
material due to its inherent strength and low mass.

tf only the dome is to be constructed on top of the prefabricated
cylindrical first level, the hubs needed to start the dome wiil be built in
place for added stability. A tube will be inserted in each huk, and the next
tevel of hubs will be attached at the joints formed by the ends of the
attached tubes. This process will be repeated until the dome has been
completely assernbled, using bracing where neccessary to support
unfinished sections. Figure 2.0.1 provides a better visual description of
the aforementioned procedure and its final product. Snap-in panels for
structural bracing and micro-meteroite protection is discussed in Section
2.4 This procedure would need to be rehearsed repeatedly on £arth so that
the astronauts would be comfortable with the construction methods.

Construction of the cylindrical first level, if neccessary, would
involve not only building of the frame (as in the dome construction), but
also the structural bracing, floor construction, and pane! installation for
internal pressure integrity. The method would be basically the same with
tubes and prefabricated hubs, but the actual construction would be more

difficult and time consuming.

lz,
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First Level Deployment From CDV
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2.2.3 Surface Deployment of Preconstructed First Level

If the cylindrical first level of the Habitat/Laboratory is to be
preconstructed, then there is need for an efficient deployment strategy.
The first level structure will be assembled and placed on the Cargo
Descent Vehicle (CDV) before the Pavload Transfer Vehicle (PTV) leaves
low Earth orbit. After the PTV arrives in Martian parking orbit, the CDV
delivers the first level as weli as egquipment for the construction of the
second level dome and scientific payioad to the planet's surface.

Since the iower level will be buried to provide thermal insuiation and
radiation protection, a suitable crater will have to be excavated using
chernical explosives. As mentioned in PDR1, these expiosives Can produce
a shallow conical crater of sufficient size to contain the cylinder. Once
the crater has been "mucked” (i.e., cleared of ioose debris), it is ready to
receive the first level.

The preconstructed lower level wili be driven off of the CDV using
ramps to surface (Figure 2.2.2). Tank-style tracks with heavy-duty
hydraulic lifts will move and support the cylinder from the CDV to the
crater (Figure 2.2.3). This apparatus would be powered by electrical
batteries and would require a remoi;r steering unit to allow for proper
alignment of the cylinder in the crater. Once the lower level is in the
correct position, it will be buried to its rim. One possible method for this,
as discussed in PDR1, would be to attach a bulldozer blade to or deploy a

drag line from the rover vehicle. The construction of the second level

dome would then begin.

14



2.2.4 Manhour Projections

Table 2.2.3 shows the projected times in manhours to complete
various tasks required to set up Hab/Lab Design #3 (prefabricated cylinder
with dome constructed on surface). These times are rough estimates
based on personal knowledge and experience. Note also that the average
astronaut can put in approximately © manhours of work per day while
wearing a full spacesuit.  This puts total construction time =zt

approximately 5 days for 4 astronauts.

Tack to be Completed completion Tirme (Manhours)
Excavation and Mucking 18
Deplovrnent of Cylinder 20
Dome Construction 20
Inflation of Bag 4
Burial of Lower Level 20
Interior Installation/Set Up 10
Airlock Cennections | 8
Power Hook-up 4
Pressurization 2
Total 106
Table 2.2.3

Manhour Projections

16,



2.3 PRESSURIZATION AND SEALING

The functionality of the Hab/Lab design depends on the sealing of the
dome interior. Maintenance of a suitable atmosphere in the occupied
structures is imperative. It is noted that the prefabricated lower section
is composed of graphite cornposite and completely sealed as one unit. The
choice of sealing material for the dome must withstand the atrmospheric
differential between the Mars surface pressure and the NASA ailowable
life support pressure. Possibilities inciude a hardened foamn coating and

an lm 1__“[)

(n

tructure. An airiock wili be incorporated to the design
for transition from the Hab/Lab interior to the surtace.

<

Polyurethane foams form rigid closed-ceil walls capable of interior
sealing. The feamn originates as 2 iiouid in a two drum systern. One drurn

contains resin, liquified fluorocarbon, and &

[

U’l

rmall guantity of catalyst,
whiie a second drum holds the bulk of the isocyanate cataiyst needed to
complete the reaction. The drums are incorporated into any easily
maneuverable froth pack. The drum components are extruded through
plastic hoses then mixed in a nozzle. The ease of the process allows for
spraying on vertical or curved surfaces. A wire mesh formed to the dome
would be necessary for the foam to adhere to. The materiai rises to fuli

volume within seconds, dries firm in less than two minutes, and finally

cures in one day.

A possible laminar structure for the foam dome has a wall section
consisting of the following layers: elastomeric coating, high density foam,
two pound density foam, open-celled flexible foam, and plaster or flame
retardent paint. The plaster or paint is a necessary coating to screen out

the uitraviolet sunlight which tends to breakdown the foam synthesis. The

[+



layered wall method allows the surface to be iightweight, strong, znd
flexible. Above all the polyurethane foam is an efficient insulator.

A second option for dome sealing is the use of an advanced air
supported structure. This air supported structure concept was developed
by Goodyear to enclose large areas economically. Currently, the company

Environmental Structures Inc. manufactures these structures for a variety

of uses, such as greenhouses, storage shelters, and aircraft hangere.
The air supported structure utiiizes steel cahles about four feet apart

as the main load carrying elemnents. The film between the cables act

w
<3
w

the gas barrier. it is dielectricaﬂy zealed to the cabies and usually comes

in a double layer. Low pressure air sepzrates the inner and outer layers of

lon d
-
(g ]
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e-wall cover. This dead ail inisulates the entire structure.
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A centrol systern reguiates the pressure inzide to suppport the canopy. ES|

structures can be designed to fit any size configuration; therefore, the

Hab/Lab dome can be securely sezled using such a concept. The steel

Ul

cables can easily be anchored to the lower base struts of the dome. Since
the cables provide the load-bearing strength, the fabric for the structure
can be very lightweight. ESI has developed a fabric called ESIFILM,

basicaily a woven polyethylene vinyl-coated rnaterial with excellent

rip-stop characteristics. ESIFILM has been successfully tested under

extreme temperature and wind ¢ -ndxtluns The entire structure is
prefabricated and can be blown into position in as little as two or three
hours. The erection operation does not reguire manhandling, but utilizes
the fans that norrmaily support it. Thus, the single piece cover for the
dorne can be deployed by a small crew.

The versatility and ease of the air supported structure makes it a

viable candidate for the Hab/Lab sealant as compared to the polyurethane

18,
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derne configuration. it offers inherent controilable pressure, a high
ventilation rate, fire resistance, and & long iife -- factors not present in
the foam opticn.

Entry into the inflatable structure i3 through an airlock. An airlock,
quite simply, is a small room eguipped with two docrs, one opening to the
inside of the structure and one to the outside. [n operation, an individual
would enter the atrlock from one direction, ecuilibrate the pressure in the
charnber with that at his destination, and proceed. The inflatable support
structure can be rranuractured for any size airiock fitting.

Space requiremnents for the airlock must accommodate two crew
mernbers wearing pressure suits with adequate freedorn of movernent.
Five kilograms of air are needed to occupy the volume at atmosheric
pressure. A pumping facility would be installed to return the air to the

life support system

CI.

luring zirlock operations. In addition, it can be
specified that the airlock shall have handles on both sides of each door
suitable for operaticn by one crew member without special tools. Displays
should proclaim the status of the zirlock within the chamber, outside of
both doors, and at the central cormmand facility, malfunction alarms
should also be provided. Facilities for recharging pressure suits should be
located in the airlock chamber as well as a C02 wash down area. A further
desirable feature would be the capability for voice comrmunication

between the inside and the outside of the airlock.




2.4 RADIATION PRGTECTION

The radiaticn environment on the Mars surface has ben discussed in

PDR1. In summary, the three main sources of radiation are cosmic rays

~4
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The Hab/t b wiil be partizlly puried for protective purposes. Further
crotaction taoin the form of structural materizls. The lower circular
ievel including the floor for feved two, 13 bulit of grzonite composite zt 2

Afem Vo - — - - —_ - 5 1 - -
enverope 13 provided by snap-in celling pansis. Figure 241 zhows zn
-~ Y e — Y - Dy €300 -
exermnpiary panet wedged into the dome struts. Seventy-five panels are

prove advantageous not only for radiation purpeses but also for thermal

insuiation and micrometeorite protection. Materizls for re-entry vehicls
thermal syzterns can be considerad far thece rarels Advanced
carbon-carton, 3 Shuttle BCC gerivative. is made of 3 carbon matri

reinforced with grapnits ribers, coated with silicon carbide, znd
impregnated with sthcz. !tz proven durzbility, insular nature, and light
weight are ideal characteristics for the Hab/Lzb protection. Approximate
effective thickneszs for these paneis is 48 cm. At a density of 19Q.7

ka/m3, the total added weight of the panels equals 46752
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needed t¢ adequately treat this

Solar fiare radiation can occur at any tirme, although the rnzan
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low an eleven year cycle. Incase mission time intersects this

cycle | 2 3zfe haven can pe incorporated into the Hab/Lab desian. A safe

haven wodid e necessary due to the intensity of s¢iar flares over a short
peri>d of time  Cozinic ray profection would not prove adequate. Fiaure
247 prezents two szfe haven cptionz. Tn2 possibility 13 an extension
pelow tha Tirzt lovel ccezzible tnrouch 2z otrap deoor, this shelter

Hab/Lab. Trenching would be necessary 1or the ouriai of the nrefabricated
cylindsr. Design difficulty arises in connecting ievel one to the safe

haven. Either 4ez1gn would prove suitatle if protection from solar flares
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2.5 CONCLUSION AND RECOMMENDATIONS

Man's Tirst visit to Mars necessitates a facility for habitation and work
purposes. The GOTC corporation has designed a habitation and laboratory
structure to meet the basic needs for a two month visit. The resuiting
geodesic dome design provides living gquarters on one level and lab work
space on the second. This cpecific design was selected as a novel
alternative to the cylindrical modules previously analyzed by other groups.
Furthermore, the geodesic structure combines minimum weight with

maximum space efficiancy.

The actual Hab/Lab model is composed of 2 circular base 'evel capped
with 2 geodesic dome { a 3/3 of 2 3v alternate icosahedron). The first
level is prefabricated in graphite composite, while the dome frame is
crew assembled and of the same material. To seal the Hab/Lab interior, an
3ir supported structure will be depioyed. Further additions to the model
include snap-in cetling panels and z szfe haven, both for radiation
protection. The Hab/Lab is partially buried, with the dome portion level
with the Martian surface and compatible with an airlock.

As 2n immobile base, the Hab/Lab possesces the capability for future
expansicn. Two cptions are present and recormnmended for future analysis:
!} attaching the basic cylindrical modules to the buried lower level; and 2)
constructing an adjacent dome with & tunnel connection between the two.
Thus the geodesic doeme model is a viable first mission design with
potential for expanded reusability.

Future efforts should also be placed in the area of radiation protection.
Secondary radiation in particular must be scientifically and thoroughly

researched for survival on the Martian surface to be feasible. The hazards




3.0 Ascent/Descent Yehicle Design System Overview

The group responsible for the Ascent/Descent Vehicle design (A/D
Group) had completed its trade studies and its estimation of the payload
weight in PDR-1. As stated in PDR-1, the A/D Group has chosen the bent
biconic design as a trade off between the Apollo-derived capsule and the
shuttle-deriveqg lifting body. The bent biconic allows for a better
Cross-randge capability com»pared to the capsule design but does not have
the heating rate problem the shuttle-derived lifting body woutd seem to
have on entry. The A/D Group has established the foilowing requirements

for the A/D Vehicle design:

A four astronzaut crew-expandible to six

Reusable

Two weeb temporary habitation

G-Limit of six

Delta-v flexibility for a variety of missions

Hover time of two minutes

Cross-range capability of 200 kilometers

Storable propeliant that can later be produced on the surface
Propulsive attitude control system

Radiation and micrometeorite shielding for norninal conditions
Safety through redundancies

Cargo capability of 500 kilograms

Capable of carrying a small rover



A PERT/CPM chart for the A/D Vehicle from PDR-1 to PDR-2 is shown
in figure 3.0.1. This figure is a modified version of the original chart <et
out in the Proposal. A more reasonable PERT/CPM chart was realized
after PDR-1 and therefore was adjusted accordingly. The A/D Group was
broken down into two groups; the Ascent group and the Descent group. The
Ascent group was responsible for the two different scenarios, the orbital
operations, the vehicle mass sizing, the ascent trajectory and the
propulsion systern. The Descent group was responsible for the vehicle
configuration, the volume sizing, the descent trajectory and the landing
and surface access to Mars.

The scenarios which the Ascent group analyzed were the
orbit-to-orbit scenaric and the surface-to-surface scenario whereby
in-situ propellants were assumed in production and the vehicie would be
refueled at the surface. The Ascent group calculated delta-v requirements
for the de-orbit and propulsive descent phases and the ascent and
rendezvous in the orbital operations subgroup. A vehicle mass sizing
analysis was conducted based on the propellant selection and the structure
factor incorporated in the propeliant selection. The Ascent group took into
account the g-limit when they determined the thrust to weight ratio of
45. The Ascent group determined the.required propellant (neglecting the
drag term due to the low density of the iMartian atmosphere) for the ascent
trajectory. The delta-v loss due to gravity was assumed maximurn for the
ascent profile. The Ascent group selected the methane and oxygen
cornbination for the vehicle propellant based on analysis done for PDR-1

and systern requirements. The Ascent group decided on a four engine




N ..

configuration for the propusicn system. The Ascent group determined that
the vehicle could be designed without staging to allow for maximum
reysability.

The Descent group was responsible for the vehicle configuration
based on cross-range and range considerations and on the ballistic drag
coefficient. The volume sizing analysis was based on the volumes of the
individual components of the vehicle.  The decent trajectory anaiysis
included the determination of the entry corridor and optimum trajectory.
The analysis was done for the “"worst case” scenario and up to the
transition to propuisive deceleration and hover. The Descent group decided
on a ianding gear configuration of four legs. The hover time of two
rainutes permits a trajectory maximum excursion of 25 kilometers. The
buoyant descent {balloons) analysis was abandoned early in the project due
to the low density of the atmosphere requiring a large balloon for the

given mass. The time involved in the deployment of such a large balloon

wa
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n as too large to be accommodated in the transition from

equitibrium glide to vertical descent.
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3.1 Mission Scenarios

The ascent/descent vehicle has the capability of operating in two
different scenarios. For early missions before in-situ fuel production is
available, the ADV will deorbit with the full compliment of fuel necessary
to return to orbit without refueling. On future missions when in-situ fuel
production becomes available, the round trip will start at the surface of
Mars, and the ADV will carry enough fuel to return to a surface refueling
location. |

To make this duzi cperation mede possibie, the ADV rmust be designed
to handie the delta-v and structural loading requirements for both
scenarics. The ADV must be able to achieve atmospheric entry with full
fuel tanks, as dictated by the early mission scenario, and yet still be able
to handle atrnospheric entry with empty tanks, as reguired by the in-situ
fuel production scenario.

The sarne situation occurs during descent. The ADV must be able to
ascend with full fuel tanks as per the in-situ fuel production scenario, but
must also perform well with much lower fuel mass, as is necessary with

the early mission scenario.

3.1.1 Abort to Orbit

Under the early missicn scenario, an abort to orbit option is available

at all times, as the fuel necessary to put the ADV in orbit is available at

9.



a1t peints during the mission. However, after transition to the in-situ fuel
production scenario, the abort to orpit option is not available during the
descent leg of the round trip. For this reason, transition to in-situ fuel
production should occur only after the descent phase of the mission is
well understood. Also, a second ADV should be available to perform rescue

operations should one ADV have to abort to some remote surface {ocation.

30
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3.2 Ascent 7/ Descent Scenario

ft should be stated initially that the orbital transfer scenarios for

the Ascent / Descent Vehicle (ADV) were selected to allow the ADV the

greatest flexibility of use. To this end, worst-case scenarios were

selected whenever justifieq

3.2.1 Descent Scenario

The descent scenaric is as follows (Fig. i)

I

PO

N O U b

AN engine burn 15 performed at periapsis of the parking orbit.
Thizs burp circularizes the orbit of the ADV at parking orbit
periznsis altitude, SCO km.

Timing maneuvers are performed to place the ADV into the
correct window for deorbit.

A deorbit burn i3 performed.at the proper time for insertion into
the correct position in the entry corridor.

Atrospheric entry occurs.

The necessary aerornaneuvers are performed.

The ADV hovers to the proper touchdown site.

Touchdown occurs.
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322 Ascent Scenario

o)

o

)

The ADV performs a powered ascent with a gravity turn to an
altitude of 150 km. The terminal vejocity vector resulting fror
this rmaneuver is the velocity vector necessary to perform a
Hohrnan-type transfer to circutar oriit radius of S00 km.

A burn is performed to circularize the orbit of the ADY at SO0
km.

Timing maneuvers are perforrmed to place the ADV into the
correct window for parking orbit insertion.

An engine burn is performed to insert the ADV inte the parking
orbit.

Rendezvous with the orbiting station occurs.

3.2.3 Mission to Moons

Missions to the moons may be possible using the ADV if it is fully
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Figure 3.2. 2 Ascent Scenario
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ASCENT / DESCENT YEHICLE MASS SIZING STUDY

(el

3.
The purpose of this study was to provide arough estimate of the
Mars Ascent/Descent Vehicie mass and voiume. This was done by relating
the propeliant mass to the estimated delta-V requirements for each phase
of the ascent-descent scenario. The eguations used for this analysis are
given in Appendix A In obtaining the delta-V requirements, various
assumptions and estimates were used which will be described below.

For the purpose of this study, the mission scenario will be described
as being made up of two components: descent, which consists of all
maneuvers necessary to transfer from the selected parking orbit to the
surface of i1ars, and ascent, which consists of all maneuvers necessary to

transfer from the surface of Mars to the parking orbit.

5.3.1 DESCENT SCENARIO

The descent scenario can be divided into the flight phases of
de-orbit, atmaospheric entry, and hover.

The de-crbit scenario was studied previously and is pictured in
figure 3.3.1. The corresponding delta-V regquirements are given in table
3.3.1. For this study, the maneuver requiring the highest delta-V was used
since it allows the highest degree of flexibility in timing considerations.
This rmaneuver aliows access to any point on the surface between latitudes
64 degrees North and 64 degrees South for a parking orbit with an
inclination of 64 degrees. Access to latitudes outside this range was not
considered a high prierity in this analysis. An orbit plane change during
descent and ascent would be required, and these maneuvers were not
included in this study.

Atmospheric entry delta-V was assumed to be provided completely
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Parking Orbit—

Transfer Orbit —

Figure 3.3.1 General Transfer CGrit
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Table 3.3.1 - Landing Position, Burn Position and Delta-Uee Required

Landing Position (theta)

0
S
10
15
20
25
30
35
40
45
S0
95
60
65
70
[t
80
85
90
94.99999999999999999
99.99999999999999999
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

Burn Position (f1)

179.97520091397401
155.03401714233516
132.1862553172694

112.60940090022898
96.4681616975685729
83.404545087595812
72.80752444385609

64.154295530303137
57.006383230045524
51.025272536886215
45.955136762731067
41.603437737650188
37.824626469882007
34.507719948355223
31.567190846847685
28.936377808073231
26.562726962287948
24.404340246373349
22.427454910681487
20.604567784855756
18.913074832175204
17.238869000141381
15.752383576321412
14.349185915170811
13.017937046687565
11.74887547348913

10.533522750291615
9.3644478290768722
8.2350765493600959
7.1395359898460414
6.0725258508921487
5.0292108388571696
4.0051293531536202
2.9961147589270418
1.9982262578045595
1.0076868941141541
.02082661613682231

Delta-Uee (DU)

6.059

8.037

14.41

26.136
43.995468
68.02045441068
97.38626100656
130.6684115257
166.2306317995
202.544335838
238.3675669367
212.7991065313
305.2544665676
335.4067354747
363.1202684356
388.3913877901
411,3011538087
431.9804243987
450.5853814255
467.2811404416
482.2313531613
495.4614422501
507.3786066603
517.9829380677
527.3927908083
535.7133686202
943.0373531926
549.4457300251
955.0086841341
959.7864866201
963.8303250111
967.1830508726
969.8798311131
971.9486972642
573.4109914955
974.2817104048
974.5697484889
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by aerodynamic drag, 2nd is thus zero for the purpose of calculation of fuel
requirements. Any oropulsive delta-v that would be necessary at the end
of the aerodynamic entry was assumed to be a part of the hover maneuver.
Hover delta-V was czlculated as the loss due to gravitation, which
is the delta-V that the vehicle would achieve if not affected by gravity.
The hover time was selected to be five minutes. This value 2llows a large
margin of error that acts as a safety margin for landing, and is assumed to

cover transition from aercdynamic glide to hover.

332 ASCENT SCENARIO

Th
A

(4 8]

ascent scenario can be divided into the phases of propuisive
ascent and orbit maneuvers for insertion into the parking orbit. This
scenario is shown in figure 3.3.2

For the propuisive ascent phase, the delta-V used to find the
required propeliant was taken as the sum of the burnout velocity and the
deita-V loss due to gravity losses and other effects. in order to simplify
the calculation of the deita-V losses, some assumptions were made. One
of these was the assurnption of the worst case gravity loss, which would
be obtained if the vehicle traveiled only vertically. Since this is not the
case, the actual gravity loss would be much lower. Another assumption
made was that the vehicle had no atmospheric drag.  Though this
assumption would result in a higher actual delta-V loss than calculated, it
is most likely more than compensated for by the other, worst case
assumptions. Rotation of the pianet, which would assist in the launch of
the vehicle, was not included in this analysis. Also, the specific impulse
of the propellant was taken to be that at Mars sea level. Both of these
effects, which were taken to be worst case, would assist in lowering the

actual delta-V loss of the vehicie.

39,
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Since the gravity losses during ascent are lower for shorter burn
times, the burn time was decreased by increasing the thrust to weight
ratio at launch. In order to keep the maximum acceleration of the vehicle
below 6 g's, the thrust to weight ratio was set at 45. This resulted in 2
significant propellant savings than lower thrust to weight ratios, which
would not have produced g factors as severe.

The propulsive ascent leaves the vehicle at an altitude of 150km at
the periapsis of a transfer orbit to 500km zititude. At apoapsis of this
orbit, a circularization burn is performed. Once in this S00km circuiar
orbit which intersects the perizpsis of the parking orbit, the

Ascent/Descent wvehicle will wait for the orbiting vehicle to reach

J

periapsis, where they can rendezvous. The S00km orbit can be zdjusted in
order to change its period s0 that both venicles wili reach rendezvous
position simuitaneously. This allows flexibility in the launch phase of the
Ascent/Descent vehicle,

The structure factor, which is the ratio of structure mass to total
propellant mass, was taken to be 0.i6 for this vehicie. This value was

chosen because it was found to be the structure factor of the space

The payload mass was found in a previous study. (t has been
rounded up to 7000kg for this analysis.

The total mass of the vehicle, with propellant, was found from this
study to be 367,146.25kg, with 310,470.94kqg of propellant alone. The
intermediate resuits leading to these values are given in Appendix A.

The volume of the propellant has been calculated from the

fuel/oxidizer ratio and densities. The resulting total volume has been

found to be 1282.97 cubic meters

1.



3.4 VYehicle Configuration Selection

The selection of the overall shape of the Ascent/Descent Vehicle was
initially driven by a desire to incorporate a reasonable amount of
crossrange capability (200 km) with an acceptable g-loading penalty as
imposed by the vehicle's deceleration characteristics. The two driving

parameters affecting these quantities were found to be L/D, the vehicle's

lift-to-drag ratio, and m/C4A, the vehicle's ballistic drag coefficient.

Based on available data, a bent biconic was selected (Reference 3.4.1) as
the "general” configuration, chosen from a number of shapes ranging from
raxed cones to winged gliders. The bent biconic promised to provide a
‘edium” L/D, affording a surficient crossrange capability, and a "medium”

baiii

w)

tic coefficient, preventing an excessive g-ioad penalty.

once this selection was complefed, a search was made for a bent
biconic configuration that provided the capacity for aerodynamic control,
sufficient landing visibility, adequate base area for engine placernent, and
for which some aerodynamic data existed. Fortunately, Reference 3.4.2
provided a “generic” bent biconic which appeared to meet all of the
foreseen requirements of the ADV. This shape is shown in Figure 3.4.1.
With rainor modifications, this configuration served as the shape for
which all subsequent analysis was performed, primarily because of the
aerodynarnic data provided in Reference 3.42 (Table 3.4.1). The minor
modifications, consisting of the addition of filush aerodynamic control

surfaces, were not considered as affecting the aerodynamic data provided.

3.4.2 Aerodynamic Control

The vehicle configuration which was selected presented a small

chailenge to the designers of the aerodynamic control system. Without the
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abitity to add stabilizers or rudders, which would affect the aerodynamic
data base availabie and which wouid significantly complicate reentry
heating problems, it was necessary to develop a control system that was
flush with the surface of the bent biconic. The control scheme selected is
shown in Figure 3.42.

The rear of the biconic is flared out slightly to permit the
incorporation of body flaps on the vehicle’'s underside and port zand
starboard sides. This flattening of the sides of the vehicle near the rear
contributes to the vehicle's yaw stability (Reference 3.4.2), in addition to
providing for the rudder/yaw control system.

One can note that the vehicle does not possess a similiar aerodynamic
body flap on the top surface of the vehicle. Such a flap would provide
miniral control as it i3 in the leeside region of the entry flow. To
overcome this incapacity to induce positive pitch, the vehicle is assumed
to be zerodynamicaliy unstable in pitch- thus vehicle pitch 15 moduiated
solely by defiection of the underside body flap.

Yaw is controlied with the <side flaps, with enhancernent by the
forward RCS jets (Figure 3.4.3).

The body flaps extend beyond the rear of the fuselage to provide
engine shielding during entry heating. The side flaps are required in this
respect, as is the fairing between the flaps, to protect the engines as the
vehicle is rolied 90 degrees during entry.

Aerodynamic roli control was not seen as possible without adding
external, perpendicular control surfaces. Therefore, all roll control is
accomplished by use of the rear RCS jets (Figure 3.43). The vehicle's
aerodynarnic center and center of mass shall be placed on the same
longitudinal axis to permit the vehicle to fly on its side during entry

without continuous RC5 input.
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2493 Future Considerations

The aerodynamic configuration seiected by {his analysis appear

tn
L0

(V4]

meet the requirements of the overall design. Unfortunately, further
anzlysis of entry and descent have brought to light @ major shortcoming of
the shape chosen-namely, the ballistic drag coefficient is much too high to
effectively slow the vehicle without extremely large drag devices. This
high ballistic drag coefficient was the result of a misconception of the
expected overali mass of the vehicle. Initial selection of the bent biconic
shape (Reference 3.4.1}) utilizes macsses in the range of 50,000-200,000
kg, in which the mass of a.rather sizable spacecraft, the shuttle orbiter,
falls. Unfortunateiv, it was simply overlooked at the time that the
ascent/descent vehicie is rmore akin to the shuttle on the launch pad than
to the STS reentry configuration, due to the sizabple amount of fue:
required for ascent from the Martian surface. Consequently, the vehicie
shape selected rnust fly at a rather high angle of attack (40 degrees)
throughout its entrv to provide adequate deceleration to permit drag
. device deployment at a sufficiently high altitude.

"Coming in dry,” without ascent propellant on board, as would be
possibie with in-situ propellant production, enhances the ballistic
coefficient somewhat. This is not considered a viable option for the first
few missions in which abort to orbit is deemed a required contingency.

Based on this rmisconception” of expected vehicle mass, our
aerodynamic design is not considered the optimum configuration. Although
our design performs quite well while entering without ascent fuel aboard,
which is the long-term operational configuration for the vehicle, we would
highly recommend that an aerodynamic shape with a higher drag
coefficient to provide more efficient deceleration before drag device
deployment be investigated. Although cross-range may be sacrificed, the

over-all entry profile would permit a less strenuous environment for both

the vohirla and tho ~row carlvvAR a1l AblmAaruarte,A RA SevaaasAaAd Ry dhoA




deployrment of the extremely large drag devices.

344 Yehicle Yolume Sizing Analysis

After the aercdynarnic shape was established, the exact dimensions
of the vehicle were then determined. All calcuiations were based on the
total volume of the vehicle, which was taken to be the payload volume, as

deterrnined in Reference 3.4.1, and the total fuel, fuel tanks, and main

48]

ngine volume. A schematic of the voiume breakdown is shown in Figure

The caicuiations of the dimensions of the vehicie, given the chosen
aerodynaric shape, were determined from straightforward geometry
relztionships. The calculations and related approximations are shown in
Appendix B.

The vehicie is shown in three-view in Figure 3.45 (exterior) and in

Figure 3.4.6 (cross section).

3.45 Landing Gear Sizing

Four landing gear were incorporated in the vehicle for both stability
and symmetry. The sizing of the landing gear was based on two
considerations: ground clearance and vehicle stability on a sloped surface.
A total ground clearance of 1.5 meters was selected as a design
requirement to account for any mediurn-size boulders which might lie
under the vehicle at touchdown. A landing surface with a slope of 30
degrees was assumed to be a reasonably severe condition, and the landing
gear was sized accordingly to prevent vehicle tipping on 2 30 degree slope.

The landina aear confiaguration is shown in Fiaure 347 1t can be
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noted that ths landing gear 13 stowed under the body flaps on three sides
of the vehicle; consequently, the flaps rmust be lifted 20 degrees to
accommodate landing gear deployment. The gear on the leeside of the
vehicle 1s stowed behind a panel which aizo raises S0 degrees for gear
deployment.

No analysis was performed on the sizing of the footpads, so their size
was dictated by the maximum allowable radius that could be
accommodated in the stowed position.

The support struts for the footpads, which are vertical at full gear
extension, can actively be adjusted to accommodate shaght variations in

surface terrain. The gear sizing analysis i3 shown in Appendix C




35 Descent Trajectory Analysis
351 Introduction
3.5.1.1 Scope

This analysis covers the descent trajectory from entry interface at
100 km to start of .hover at 0.5 km. Since the vehicle is required to have
an abort to orbit capability for the first mission, the fuel needed for
ascent must initially be brought down with the ADV. However, when in-
situ propellant production has been established on the surface, the vehicle
will not carry the ascent fuel during descent. Both "fuel” and "no fuel”
trajectories were studied. The trajectories are different because the
variation in mass affects the ballistic coefficients. The engines are not
used between de- orbit delta- v and hover.
3.5.1.2 Descent Phases of Fiight and Assumptions

The model descent trajectory is given inFigure 3.5.1. The following
zequence is followed during descent:
1) Entry interface at 100 kmn altitude.
2) "Ballistic” descent with lift vector rotated S0 degrees to avoid
porpoising in the atmosphere. There is no skipping, i.e., the entry is
completed in one pass. Also, the maxirmum acceleration is 3 Earth g's.
Angle of attack is held constant untii hover.
3) Pullout raneuver. The 1ift vectoris rolied to O degrees to stop
descent.
4) Constant altitude glide. The lift vector is modulated inroll to
maintain constant aititude. This phase of fiight produces the majority of
the crossrange.
S) Brief descent. The Jift vector is at O degrees again. There is no longer
enough 1ift to maintain constant altitude, so the ADV descends. The

vehicle is still deccelerating.
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57,

6) Parachute deployment.
7) Deccelerating descent with parachute.
8) Jettison of parachute and ignition of engines for hover at 0.5 km.
9) Hover.
10) Landing.
3.3.1.3 Objectives

The following objectives were established for this study:
1) Determine whether the vehicle can perform its mission under "worst
case” conditions.
2) Find the entry corridor for both fuel and no fuel cases. The entry
corridor consists of the vacuum periapsis aititudes for maximum g- loa
(lower boundary) and no- skip condition (upper boundary). The trajectory
corresponding to the maximum g- load boundary is the worst case
trajectory because it is the steepest possible trajectory the ADV can [ly.
This steep trajectory produces the smaliest crossrange.
3) Find "good” (near- optimum) angle of attack and puliout altitude. Good
values for these parameters wili give a small final velocity and large
crossrange at the end of the trajectory.
4) Find crossrange under worst case conditions.
S) Find final velocity under worst case conditions.
6) Determine the feasibility of deploying drag devices (parachutes,
rotofeils, etc.) to reduce finai velocity. Also, find out how much velocity
can be lost in this manner. -
7) Determine whether the vehicle can enter safely without ascent fuel

mass.

' 3.5.2 Phases of Analysis

3.5.2.1 Entry Corridor Determination

The entry corridor was found using the method described by Chapman
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Rotating Flexible Drag Mill parachute was photographed by strobe light during tests
in g low-speed wind tunnel,

)



Table 3.5.4 Final Velocity and Crossrange as Functions of Angle of
Attack and Pullout Altitude for the No Fuel Case

Alpha(deq) Heqlkm) Vi(r/<sec) Y(km)

Lower Boundary 15 7 846 604
Lower Boundary 20 7 6383 S37
Lower Boundary 25 7 296 420
Lower Boundary 30 7 S03 332
Lower Boundary 35 7 412 248
Lower Boundary 40 7 372 191
Upper Boundary 40 5 381 198
Nominal 40 7 373 201

Note: Alpha = angle of attack, Heq = pullout altitude, Vf = final velocity,
Y = crossrange.

Tabte 3.5.5 Rotofoil Data(Cd=1.17)

Fuel Case
Diameter (m)  M/Cd*S (kg/m**2)  |nitial G- Load Vf{m/sec)
100 34 8.39 0
76 58.8 5.07 59.4
64 85 3.58 215
50 135.9 2.29 2655

No Fuel Case

64 41.75 5.89 0




Tables 3.5.3 and 3.5.4. L/D's and ballistic 1ift coefficients were obtained
as described in section 3.4 of this report.
3.5.2.4 Parachute Modelling

Initially, 2 ribbon parachute was used to deccelerate the ADV.
Several runs showed that this supersenic drag device was inadeguate to
slow the vehicle to acceptabie velocities. To achieve higher performance,
a rotefoil was used (Figure 3.5.3). The rotofoil, or Rotating Flexible Drag
Mill, is a rotating ribbon parachute designed for the recovery of high
performance entry vehicles. Aerodynamic data on rotofoils could not be
found. However, the inventor of the rotofoil, W.8. Pepper of Sandia

National Laboratories, indicates that rotofoils have twice the drag of

‘conventional ribbon parachutes (Reference 3). Therefore, aCdof 1.17,

twice as high as the Cd for ribbon parachutes, was assumed (Reference 4).
in computing the ballistic drag coefficient for the rotofoil, the mass of
the entire vehicle was used, since the rotofeil drag is deccelerating the
entire ADV.

To provide a safe margin of altitude, the rotofoil is deployed between
2 and 4 km above the surface. Also, the rotofoil is deployed when the
vehicle slows to 775 rm/sec, about 3.3 Mach at 4 kilometers. Rotofoils
have been successfully tested at 3.0 Mach. If the ADV has not slowed to
this velocity at 2 km, an abort to orbit is indicated. Generally, the vehicle
slows to the required velocity just beiow 4 km at an angle of attack of 40
degrees for the fuel case. For the no fuel case, the ADV is well below 775
rm/sec at 4km.

A Capability to model additional parachute deployment at subsonic
velocities was included, but not used, in the second modified version of
the descent program, listed in Appendix H. A sample run is included in

Appendix I . In this analysis, a single rotofoil was used at both



Table 35! Periapsis Altitudes for Entry Corridor in Kilorneters

With Ascent Fuel Without Ascent Fuel
Upper Boundary (1) 32.7 39.16
Norninal -21.65 -18.42
Lower Boundary (2) -76.0 -76.0

(1) No Skip Constraint
(2) Maximum 5 Constraint

Table 3.5.2 Initial Conditions at Entry Interface (100 km)

Wwith Ascent Fuel Without Ascent Fuel
V(m/sec)  Gamma(deg)  V(m/sec)  Gamma(deg)
Upper Boundary 3584 -2.656 3586 -2.521
Norniinal 3573 -3616 3574 -3.565
Lower Boundary 3563 -4.406 3563 -4.406

Note: Gamma i3 the flight path angle.

Table 3.5.3 Final Velocity and Crossrange as Functions of Angle of
Attack and Pullout Altitude for the Fuel Case

Alphaldeq) Heqikm) Vf(rn/sec) Y(krn)

Lower Boundary 1S 15 1310 767
Lower Boundary 20 i5 1087 736
Lower Boundary 20 ) 567 562
Lower Boundary 25 1S 1017 575
Lower Boundary 25 7 878 489
Lower Boundary 30 15 857 483
Lower Boundary 30 7 743 362
Lower Boundary 30 5 737 359
Lower Boundary 35 10 691 309
Lower Boundary 35 7.5 677 295
Lower Boundary 35 5 656 260
Lower Boundary 40 10 656 233
Lower Boundary 40 7.5 603 211
Lower Boundary 40 7 597 210
Lower Boundary 40 6.5 615 205
Lower Boundary 40 6 606 205
Lower Boundary 40 5.5 614 200
Lower Boundary 40 ) 607 200
Lower Boundary 45 S 595 155
Nominal 40 7 589 220
Nominal 40 ) 603 210
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sypersonic and subsonic velocities.

The detziled znalysis of rotofoil deployment indicates a trade- off
between q- load, rotofoil diarneter, and final velocity at 0.5 km. For the
fuel case, a 76 m diameter rotofoil provides an initial decceleration of 6
g's, which diminishes to under 3 g's in less than 8 seconds. This produces
a final velocity of 60 rm/sec. Rotofoil sizes, ballistic drag coefficients,
initial g- loads, and final velocities are presented in Table 3.5.5.

3.5.3 Results

From the above analysis, it was determined that the ADV can
successfully operate in "worst case” conditions. The nominal trajectory
yields slightly better resuits. The descent trajectory can be summarized
as follows:

worst Case (Max G Boundary) with Ascent Fuel
* Constant angle of attack alpha = 40 degrees
* ADV ballistic lift coefficient M/CI*S = 1675.5 kg/m**2
* L/D=038571
* Entry interface initial aititude = 100 km
* Initial velocity = 3563.0 m/sec
* Initial flight path angle = -4.406 degrees
* Begin puliout at altitude = 7 km
* Level off at altitude = 45 km
* Deploy rotofoil at altitude = 4km, v = 775 m/sec (3.3 Mach). Rotofoil
has diameter = 76 m, Cd = 1.17, M/Cd*S = 58.8 kg/m**2
* Initial decceleration from rotofoil = 6.07 g, decreases to under 3.0 g in
less than 8 seconds
* At 0.5 km, final velocity = 60 m/sec, flight path angle = -60 degrees,
crossrange = 189 km

worst Case (Max G Boundary) without Ascent Fuel



3

¥*

Constant angle of attack = 25 degrees
ADV M/CI%S = 1249.7 kg/m>**2
L/D=135

Initial aititude = 100 km

fnitial velocity = 3563.0 m/cec

Initial flight path angle = -4.406 degrees
Begin pullout at altitude = 7 km

Level off at altitude = 5.8 km

Deploy rotofoil at altitude = 4km, v = 734 m/3ec (3.1 Mach). Rotofoil

has diameter = 64 m, M/Cd*S = 41.75 kg/m>*2.

*

¥*

Initial decceleration = 5.99 g.

At altitude = 0.5 km, final velocity = O m/sec, flight path angle = -Q0

degrees, crossrange = 400 km.




36 ASCENT TRAJECTORY

tn order to obtain highly accurate results in the mass and voiurme
sizing analysis done above, the trajectory of the vehicle during powered
ascent should ideally have been considered simultaneously in solving the
equations of Appendix A. However, since worst case assumptions simplify
the analysis and also provide a margin of error, the ascent trajectory was
assumed to be only vertical with constant thrusting of the vehicle until
achieving orbit. This assumption leads to the maxirnum amount of
propellant that would be needed for the ascent. In order to get an idea of
the armount of propellant that wouid be saved in an actual flight, the
ascent trajectory was concidered separately.

Appendix J shows a cormputer program, adapted from a prograrm ov
Curt Bilby, which was used to rmodel the actual ascent trajectory by
nurerically integrating the equations of motion. in this rmodel, the vehicie
follows a gravity turn until a zero flight path angle is achieved. The modei
assurnes constant gravitational acceleration and no atmospheric drag.

By keening the thrust constant at the vaiue determined in the mass
sizing analysis above, the burn time was varied in order to achieve finai
conditions of zero flight path angle at 150k altitude. This resulted in a
burn phase foilowed by a coast phase to the final altitude. This scenaric
is shown in figure 3.6.1. Upon reaching the final altitude, another burn
would be needed to achieve orbital velocity.

it was found that by varyiné.the initial flight path angle of the
vehicle, a trajectory could be found which resulted in the correct orpital
velocity at the final altitude of 150km. Since this trajectory would not
require a burn to achieve orbital velocity, it was found to require the least
propellant. These conditions were obtained for an initial flight path angle
of 84.17 degrees and a burn time of 135.4 seconds. The results of this

analysis are given with the program in ‘Appendix J. These give the total

6l






propelliant mass required for this scenario as 150,059.33kg

From the
results of the mass sizing analysis in Appendix A, the propeliant required
for this phase of the flight is found to be 1354,984.96kg (Mh-Mbo). This
results in a savings of 4,925.63kg for the scenario described by the ascent

trajectory.



3.7 PROPULSION SYSTEMS

The Ascent / Descent Vehicle propulsion systems are broken inte two
cataqories -- the main propulsion system and the attitude control system.
In this preliminary design, most emphasis is placed on the main system
with only cursory descriptive information on the attitude control system.
The A/D total thrust estimate resulted from the total weight estirnate and
mass sizing analysis and preliminary ascent calculations. A thrust-to-
weight ratio of 4.5 was selected as a compromise between burnout g-limit
and excessive gravity losses. The total thrust was calculated to be 3919
KN (881,026 1bf). For purposes of safety and nozzle efficiency, a total of
four main enqgines are envisioned. Each engine , therefore , has a design
thrust of @30 kM (220,300 1bf) , a propellant mass flow rate of 27082
kg/s, and & specific impulse of 3540 N-s/kg( 361 secs). (see Appendix k. )
Based on two trade studies cempleted during Preliminary Design Phase | --
the in-situ Chernical Production Study and the Propellant Study-- the fuel
selected for the main engines is methane and the oxidizer is oxygen. Both
were chosen because they are relatively simple to produce on the surface
of Mars and they are roughly ternperature and pressure compatible. They
are also non-toxic znd have an zcceptably high specific impulse. A
possible drawback is poor long term storability.

A closed turbopump-fed rocket engine cycle was chosen to make the
most efficient use of the propellant energy. Specifically, the staged
combustion cycle was selected which is the same as that employed by the
Space Shuttle. In this cycle, a high-pressure precombustor (gas generator)
burning all the fuel with part of the oxygen is added to provide high-energy
gas to the turbines. The total turbine exhaust is injected into the main
combustion chamber where it burns with the remaining oxidizer. Because

of the precombustor, this cycle extends the range (chamber pressure and

w 1.
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thrust) of closed-cycle rockets far beyond the capabilities of simpler
cycles. It lends itself to high chamber pressure operation , which allows a
small thrust chamber. A disadvantage is that it requires heavier and more
complex purnps, turbines, and piping. This cycle is capable of providing the
highest specific impulse. Figure 3.7 .1 shows the engine cycle and flow
diagram for the staged combustion cycle as planned for the A/D vehicle.
The next step in designing the main propulsion system is the sizing of
the nozzle and thrust chamber. Designing the nozzie for optimum
expansion to Mars sea level pressure, 0.115 psia, and assuming a chamber
pressure of 3000 psia for high performance yielded a nozzle expansion
ratio of 1243 which is too large to be practical. Therefore, another
method for choosing @ nozzle exit area was found. By looking at the
geometry of placing four circles (nozzle exit areas) within a large circle
(vehicle base area) and zllowing space for engine gimballing, a nozzle exit
to vehicle base area ratio of 9 was calculated. From a crude estimate of
vehicle base area equal to 99.58 sq meters, the nozzle exit area, Ae, is
found to be i1.0644 sq meters. From the expression for propellant mass

flow rate, m:

m= A*Dr ( 2 )(h’*l)/(&-i)ﬁ

\[ﬁc_-'x)m

the nozzle throat area can be found:

A*:W 1 5 )(KH)/(E—I) -1/2

Pc + i

A = (27682) [(1545.43)(32.2284)7344)(3048) [1.16/_2 \&10¥1/2
(20684400)\ 26.66 16\-10

A* = (0.0235818 sq meters

- 3FC



where m is the propellant mass flow rate, R is the ideal gas constant,
Tc is the chamber temperature, Pc is the chamber pressure, znd ¥ is the
ratio of specific heats of the exhaust gas. Therefore, the nozzle

expansion ratio is Ae/A* = 469.2. Then, from

pe/A* = 1 [ 2 N+ X-1 Me?> (X+1)/2(%-1)
Me| &+1 2

with iteration on Me , the exit Mach number, it is found to be 5.548 and ,

therefore, the nozzle exit pressure , Pe, is

Pe = Pe E X -1 MeZ’J (¥ -1)/%

rJ

Pe = 0.368364 psia

Assumed values for characteristic length, L*, and thrust chamber
contraction ratio, Ac/A%*, which must be experimentally determined are :
L¥ = 43 inches = 1.0922 meters ;  Ac/A* = 175 These values yield

thrust chamber volume, Vc, and chamber length, Lc:

Ve = L% A% = (1.0922)(0.0235818) = 0.025756 cubic meters
Lc = Ve/Ac = Ve/(1.75A%) = 0.025756/1.75(0.0235818)
= 0.6241 14 meters
Based on previous values for contoured bell nozzles, the ratio of
nozzle length to throat diameter is approximately 20. Then, since
A* = 00235818 sq meters = (pi/4) D*2, the throat diameter is

0.173278 meters. Then since

Ln/D* = 20, Ln =20 (0.173278) = 3.46556 meters.




The total length of the thrust chamber and nozzle is 4.09 meters.

The nozzle exit diameter, De , i3 ~(4/1 ) (11.0644) = 3.75336 meters
and the thrust chamber diameter, Dc, is \[(4/% )(1.75)0.0235818) =

0.22922 meters. See Figure 3. 7.2 for the nozzle and thrust chamber
dimensions and a summary of important engine characteristics.

Thrust vector control will be accomplished by gimballing the engines .
Regenerative cooling of the thrust chamber and nozzle with the fuel will
protect the engine from excessive heat transfer. Since the system must
be restartable many times, a reliable ignition system is needed. One
possibility that appears promising is precombustion chamber ignition in
which a small chamber is built next to the main combustion chamber and
connected through an orifice. A small amount of fuel and oxidizer is
iniected into the precombustion chamber and ignited by a spark plug,
cataiyst, or other means. The burning mixture enters the chamber in a
torch-like fashion and ignites the larger main propellant flow which is
injected into the main chamber. Another prorising option is auxiliary
fluid ignition, in which a hypergolic fluid or combination of fluids i3
injected into the combustion chamber for very short periods during the
starting operation. In this case, a hypergolic injection of hydrogen
peroxide and an alchonol, such as methanol, wouid be suitable since both
propellants are simple compounds and have the potential to be produced on
the Martian surface. A combination_pf the two approaches may also be
viable.

The attitude control system is composed of several small thrusters
located in the nose and tail section of the A/D vehicle. These rockets are
used for maneuvering in space and during reentry to maintain the proper
vehicle attitude. For the control torques required, a bi-propellant system

is probably needed. The hypergolic combination of hydrogen peroxide and



methanol would 2150 be suitable for the attitude control thrusters as well

as rain engine ignition.
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Figure2.21 ENGINE CYCLE AND FLOW DIAGRAM -- MARS A/D VEHICLE

STAGED COMBUSTION CYCLE
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Fegure?v.z MARS A/D VEHICLE NOZZLE & THRUST CHAMBER DIMENSIONS
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Nozzle Throat Area = 0.0236 Mo




3.8 Recommendations

The GOTC corporation has designed a Ascent/Descent vehicle to meet
the basic needs for the early missions to Mars. The analysis was done for
the "worst” case descent and ascent o and from Mars. Propellant

requirements were pased on a rendezvous and de-crbit to and from the

"y

D

arge” configuration in a Mars pariing orbit at a 642 inclination. A change

in this parking orbit might have been done by the group at Texas A&

]

which would affect the required propellant and thus the overall vehicle
zz and weight. The aerodynamic configuration was chosen due 1o the data

Dase available. Future efforts on the design inciude a detailed optimization

attitude control eysterns, S-turns, rotofoil reefing and heating rates.
Another recommendation would be to determine a landing ellipse for the
descent profile. Future analysis would also include a comparison between
the configuration GOTC chose and another bent biconic (if cross-range 1s a
rnajor requirement?} or a more blunt vehicle. Future analysis would inciude

\

a detailed crew compartment interior (including surface access), a

wn

interior design of the vehicle configuration and a access “door” for the
deployment of the rover to the Martian surface. Further studies shouid
also include possible mizsions to the moons, cross-country capabilities

and mean surface/terrain considerations.



4.0 Program Management

The nire Mars mission prolect engineers were divided into three
groups: the Ascent/Descent Vehicle Group, the Habitat/Laboratory Design
Group and the Research Group (see Figure <4.1). Each engineer is a mermber
of either the Acscent/Descent (A/D) Group or the Habitat/Laboratory
(Hab/Lab) Group. All engineers are mermbers of the Research Group. The
Research Greup researches areas that affect both designs, such as
radiation and atmospheric conditions.

The group directers assisted the prograrn manager with management

tasks. At the same tirmme, the group directors assigned and tracked the

pregress of the individual tasks.  Figure 42 compares the propose

(@

program timeline to the actual pregram timeline.  Unexpected delays
occurred for both the POR 1 pressentaticn due to z project meeting with
MASA at Texas AAM University and for the PDR 1 report due to technical
printing and publishing difficulties.  The program experienced no major
scheduling difficulties and, especially for the Hab/Lab design, followed
the original PERT/CPIM schedule almost exactly. The A/D vehicle design
encountered some scheduling probleras as & result of unexpected technical
cornplications. As a result, some changes were made to the A/D vehicle
schedule to enable the project to be completed on time. (See Figure 3.0.1)

Originally, a quidance and control analysis, a detailed abort-to-orbit
study, a contamination study, and an overall surface operations scenario
were planned. However, these topics were considered less important in
the total analysis and it was decided that more attention should be given
to other areas of the a/D design. Figure 4.3 shows the proposed weekiy
workload breakdown and Fiqure 44 shows the actual weekly workload
breakdown for the entire project. Figure 45 shows the cumulative total
proposed ran-hours versus actual man-hours for the project. The actual

was only slightly higher than the proposed.
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>.0 PROGRAMCOST

5.1 PERSONNEL COST

The 1ist of job titles and associated saiaries presented in the

Staternent of Work are used to calculate the personnel cost for the

)
¢

project. Figure 3.1 compares the actua! and the proposed personnel cost.
Inciuded in the figure are the job titles and their corresponding salaries
per nour for each member. The tabie below illustrates the proposed and

3 70r each week alter the proposai,

~
-
4]
s
pes
e
[
i
]
o)
o
[amd
s
-

able S 1 ‘weskiy Manhour Costs

WEEK PROPOSED ACTUAL
20-26 Sen 32336 810
27-3 Oct 32356 $19Z%
4-10 Oct 523556 $2104d
11-17 Oct 12355 $2542
18-240ct 12355 $3202
25-30 0ct $2356 33042
31-7 Nov $2356 $2951
8-14 Nov 32356 - $2522

i5-21 Nov $2358 £3804

22-28 Nov 12356 13230

Average { $2356) ( $2809)
Sth week total 36481 ‘ 36481

total personnel cost $30041 $3457S



total estimate

{with 10% error) $33045

pereonrel cost gverrun  $1530

5.2 MATERIAL AND HARDWARE COST

- The rmaterial and hardware cost estimates were based on expenses
incurred before the proposal and expenses anticipated. The government
furnished eauipment (5FE) consisted of computer hardware, software, and

mainfrarme computer time and sypeites

provided by the Unwersity of

-
i

rexas. 1ine following table Compares the oroposed material cost fo the

actual material cost.

Table §.2.1 Materiai and Hardware Cost Analysis
ria d Ha C naly

Eguipment Proposed Actual
Macintosh and Peripheral Rental $1200 T1200
IBM PC and Peripheral Rental 12780 $2780
Software $200 30
COC Mainframe Time & Supplies $270 $50
Copies @ $0.05 per copy . B2 $50
Transparencies @ $0.70 per transparency 330 386
[Miscelianeous Supplies 150 32
Total $4592 34103
Total (with 10% error) $S051

o
' U
----------
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Total Yehicle Height
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Appendix B - Yehicle Sizing
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APPERPIX © TK!

lSt Input Hame Output Unit
.04 fp
i rhop 00036136 kg/m"3
157158 m kg
'l .85 cd
207 s n"2
, rp 3429156.7 m
' 0000877 beta
hp 39.156656 km
' 3390000 ro n
liS Ruie

* fp=rhop/{2.0%n/(cd*s) )} *asqrt(rp/beta)
I* rp=hp*1000+rc

SOLNER UPPEE BouNDARY

Comment
Chapman'
Density
Uehicle
Uehicle
Uehicle

PERIAPSIS MOVEL

s perigee parameter
at rp

mass

coefficient of drag
base area

Radius of periapsis
1/(atmosphere scale height)
Height of periapsis

Mars radius

* rhop=1,56e-2%exp(-(-.5314+,1083*hp+2.168/hp))

75
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i APPENDIX.  E  Tk! SOLVER ORBIT MOVEL

Title: Entry Initial Conditions - low energy parking
Uertical or Horizontal: Uertical

List Hidth First Header

f 10 1

pu 10 1

at 10 1

entry-U 10 1

entry-gaom 10 1

Ubar 10 1

Rule

mu = given('mu,mu,4.28282¢13)

"Period = given('Period,Period,86400.0)

Rmars = given('Rmars,Rmars,3397500.0)
alt_perigee = giuen('alt_perigce,alt_pcrigcc,500000.0)
g-mars = given('g_mars,g_nars,3.73)

U = sgrt{mu*{(2/r - 1/a))

Ut = sqgrt(mu*(2/r - 1/at})

a = (apogee + perigee}/2

perigee = Rmars + alt_perigee

“Period = 2*pi()*sqrt(a™3/muj

DU = sqrt(U"2 + Ut"2 - 2%*Ut*cos(gama_t - gama))
e =1 - perigee/a

r = a*(1-e"2)/{1+e*cos(f))

r o= at*(1-e_t"2)/(1+e_t*cos{f))

vac_perigee = at*{1-e_t)

vac_perigee = Rmars + alt_vac_perigee

gama = atan{e*sin(f)/(1+e*cas(f)})

gama_t = atan{e_t*sin(f)/(1+e_t¥cos(f)))
entry_r = entry_alt + Rmars

entry.U = sgrt{mu*(2/entry_r - 1/at))

p = at*{1-e_t"*2)

entry_gama = acos(sqrt{mu*p}/(entry_r¥entry U))
Ubar = entry_U/sqrt{g*entry.r)

* g = g_mars*(Rmars/entry_r)~2

* N

*  »*

* * w* *

* * =

Gk R BN TN MR EN T En
* % O B x *
L]

"

* % H 0w



5t Input Name Out put Unit Comment

v 3039.0138 m/sec Uelocity at burn
mu 4,2828E13 m~3/sec”2 Gravitational parameter
r 4410578.9 m Radius at burn
a 4205 km Semi-major axis of parking o
Ut 2950.7484 m/sec Uelocity after burn
L6 3950.0003 at km Semi-major axis after burn
4512.5 apogee km fipogee of parking orbit
perigee 3897.5 km Perigee of parking orbit
Rmars  3397.5 km Hean radius of Mars
vac_per 3321.5 km Entry Uacuum perigee
-76 alt_vac km Entry Vacuum perigee altitud
Period hrs Period of parking orbit
L Y 191.82168 m/sec Defta velocity of burn
e 07312723 Eccentricity of parking orbi
e_t . 16910507 Eccentricity of orbit after
alt_per 500 km perigee aititude of parking
L 150 f deg True anomaly of burn
gama—t -7.734333 deg Flight path angle after burn
gama -3.121154 deg Flight path angle before bur
L entry-U 3694.3428 m/sec Uelocity at entry interface
entry_r 3497.5 km Radius at entry interface
p 3683.1825 km Orbit parameter after burn
L entry_g 6.3820734 deg Flight path angle after burn
100 entry-a km Altitude of entry interface
L Ubar 1.0529365
3.73 g_mars m/sec”2

q 3.519754 m/sec™2
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APFENEX  F FIRST MUOVIFIED TRATECTORY MOPEL

PRUGKAM DESCENTC(TTYsOUTPUTy TAFE3=CUTPUT sTAPES=T1TYs TAPESL=TTY)

Co22 24882022 R N AP A2 R AR RRARR RS RAR R BN AN AARRAS

€C THI1S IS THE MAIN ROUTINE OF A DESCENT VEHICLE SIMULATION.
€ THE CALCULATION UNITS OF THIS PRUGGRAM ARE METERSy KILOGRAHS
C AND SLCOANDSe THIS PRCGGRAF KAS MRITTIEN BY PRESTON CARTER.
C AND NMODIFIED BY JON Ko NEFFs ASE 274Ls S/C DESIGNs NOVEMBERY
CGr.FON/ROG /RO
CUKMON/RHOO Z/RHGO
COMMON/HMAX JHRAX
COMMUN/BALLCL/BALLCL
COMMON/BALLCD/BALLCD
CUMMON/G/ G
CGMMON/HEGUIL/HEGUIL
Casansnsnandnns NECESSARY CHANGE saszasnaddansddgd
CORKON/ROLL ZROLL
CRA2 2200 R R AR AN R R A RAR AR A I ARR R R S A A A AR AP AR ASR AN R ARG R A
C
DIMKENSION X (6)
REAL LU
C
Conanavansevdnrds NECESSAKY CHANGE savsassmusanddnnsn
ROGLL = 0.0
CoRa 2 3202 2R AR RN R 2R PR AR A NAS R RAANN BB BN NSRRGSR RED AR
6 = 3730
RC = 3397500.0
L HBAX®S UN1T IS KILOGMETERS INSTEAD GF MLTERS.
HMLX = 100.0
DT = 1.0
BKITE (6o* ) FUEL FLEG AND ANGLE OF ATTACK ARE®
WR1ITE CL92)*NOT USED BY PRUGKAMS
WRITE(6e»)*DESCENT FUEL FLAG: 1=FUELs2=ND FUEL®
MKITE CEe2)*FULL FLAG?Z®
READ(5,#)IFUEL
KRITE (&9n )% ANGLE CF ATTACK (DEG)ZY
READ (S 9n) ALFHA
BRITECEyn )P M/CL2S (KG/ Mang) 20
REAU(Sys) BALLCL
SRITE(6ga)®L/D 2¢
READ(Se#) LD
BALLCLD = BALLCL=LL
WRITEC(6s*) *INITIAL H (K)2®
REAO(S9») H
X€(3) = b + RO
BRITECLow)*INITIAL V (M/SEC)2®
READ(S49)X( %)
BRITE(Ce2) " INITIAL FLIGHT PATH ANGLE (GEG) 2*
READ(S52) ANGLE
X€5) = 0017853 * ALNGLE
MRITEC6s#)*PULLOUT ALTITUDE (F)2°

REAC(Z 9 ) HEQUIL
BRITE(6s»)*OUTPUT UNIT NUMBER?2®
READ (S 9#) TUNIT

X€1) = 0.0

X€2) = 0.0

X(b) = 00

THAX = 3600 .0

TERMH = 0.0

WKITE (692 )*CUTPUT INTERVAL ? TYIME STEP = 407
READ(T9#)NSTEPS

TIBE = (.0

BRITECIUNITV 9#)*DESC2 DESCENT EFHEMERIS®

198¢c

E b Bn A Es EE A Uy B E AN B NN =




KRITECJUNTIT o#)®ASCENT FUEL FLAES %yIFULL
MRITECIUN1T9#)*C(1=FUEL »2=N0 FUEL)®

KRITECIUNIT 9»)*ANGLE OF ATTACK ALPHA (DEG) =*44LPHA
WRITECIUNIT9»)*FUEL FLAG AND ALPHA NCT USED BY PROGRAM®

WRITECIUNIT9# )M/ (CLeS) (KG/M#22) = S4BALLCL
WRITECIUNITV 49)*L/0 = Y4LD
BRITECIUNITy# )*H (M) = 9,4H
MRITECIUNIT9#)*V (M/SEC) = t4X(4)
KR1ITECIUNIT 9#*)*GAMA (DEG) ® s ANGLE
WRITECIUNIT 9») *HEGLIL (M) *shEGUIL
BRITE(IUNITg4a)er ¢
CALL GUTPUT(TIME+X»IUNIT)

= Xt3) - KO

200 IF((TIHELT «THPAX) o ANDo (HeGT & TEKMHIITHEN
DO 2006 1=14NSTEPS
CALL RK(X+DTeé€)
TIrE = TIME + (T
300 CCNTINUE

CALL CUTPUT(TIMEsX4IUNIT)

H = X(3) - RO
ELSE

LRITE(Ly2 )" *

BRITECL9* ) TERMINATION TIKE = *4TIME

RRITLEC6Eo* )*TERKRINATION ALTITUDE = w%4H

RRITL (L) ¢

Cossnvanseansasrsss CHAKGE TOU FRINT FINAL VALUES TO SCREEN #es

CALL OQUTPUT(TIME 9X9t)

Catdaa02d s 2223t R ARR R AR RS R R R A ARAAR ARSI AR At A AR b AR Indnhas R

60 10 999
END IF
U TO 200
C
C
599 STUP
ENU

SUEROUTINE GUTPUTC(TIKE o XyIUNIT)
CAAR R SR 2R AR NS AR AR S 2 AR S RN A RARS AR SAa N dBRARANRARAAR AR
€ THIS 1S AN OUTPUT RGUTINE FOR PRINTING AN EPHEMERGUS
€C OF THE DESCENT TRAJECTIORY.
C
COMMON /RO /RO
COMMON/ROLL/RCLL
COMPON/BALLCD/EBALLCD
COKMON/G/ B

DIKENSION X (6)
RACDEG = 57.2557¢ -

THETA = ROLL+RADDEG
DR6G = X(1)/1000.0
CRG = X(2)/71000.0
H = (X(3) - RC)/21000.0
V = X(%)
GAMA = X(5)*RALLEG
ALE = X(&)*RADDEG
DEN = DENSCIX(3))
@ = 0e5*DENSX(8) %22
GLOAD = (~Q/BALLCG + 6+SIN(X(5))) /%8
- MKITECIUNIT ga ) ¢ ]
BRITECIUNIT o) *TIKE (SEC) = *»TIMEs®* ROLL (DEG) =
BRITECIUNITo2)*X LOMNRANGE (KM) = '9DRG

* o THETA



BRITECIUNIT*)*Y CROSSHRANGE (KM) = 9%4LRO
MRITECIUNIT o2 )%H ALTITUDE (KK) = ®4H

MRITE CIUNIT 9#)SATHCSPHERIC CENSITY (KG/Msx3) = %,DEN
WRITECIUNIT9¢)V VELOCITY (M/SEC) = %,V
MRITECIUNITo#)*ACCELERATION (EARTH 6) = "oGLOAL
MHITECIUNIT 4#)YDYMNAMIC PRESSURE (N/M222) = 0,6
WRITECIUNIT9* ) GAMA FLTe PATH ANGLE (DEG) = "3GAMA
WRITECIUNITy*)*AZE (CEG) = t4RiE

RLTURN
ENU
SULROUTINE RK (X oDTeN)
Ctiit“ii‘***.tt‘ SRR DRA RSP IARARES P R RARS R AL R AR AT A dR
C THIS 1S A RUNGE~ KUTTA &4TH GRDER INTEGRATORe THIS
€C ROUTINE EXPECTS THE SUBROUTINE °*LERIV® TO BE SUPPLIED
€ EY THE USER.
C
REAL XCEIoUCEBI+FLE)0H(¢E)
C
CALL CERIV(XyD)
DO 1 1 = 14N
Cel1) = DCI)s:Y
1 UCl) = X¢€1) ¢ GeS2L(1)
CALL LERIVC(UF)
DG 2 1 leN
FC(1) FCIX)sDT
L(l) CCI) ¢ 2.0+FC]1)
2 UCEl) = X(1) ¢ 05*F(1)
CALL CERKIV(UsF)
DO 3 1 = 1sN
FCI) FCI)+DT
C(I) DCI) + 240aFL1)
J UC1) = X¢(I) + F¢I)
CALL LERIVCUyF)
DO 4 ] = 1N
4 XC1) = XCI) ¢ (D(1) + F(I)*LT)/6.0

nunn

RETURK
END
SULROUTINE DERIV(X,DX)
CrONa s at AR st At s SaddgdddRd R AR A RASARRARASY

C THIS SUBROUTINE CONTAINS THE LGUATIONS OF MOTION.
c

COMMOKN/BALLCL/BALLCL
COFMON/BALLCD/BALLCD

COMMON/G/6

COMMON/ROLL /ROLL -

CIMENSION X(6)oDX (&)

Q@ = COaDENSIX(3))aX(4)en2
HLOT = X(&4)2SINCX(S))
CALL CHROLL (X(3)>9X€A) 9 X(6)9sHUCT 4GsKOLL)

DX¢1)
Dx (2>
DX(3)
DX(4) ~Q/BALLCD + G#SIN(X(5))

OX¢S5) Q/BALLCL 7 X(A)+COSCROLL) - G/X(&)»COS(X(5))
& ¢+ Y(A)/X(3)e CLSIX(S))

DX¢e&) Q/BALLCL/X(4)/COSC(X(S))»SINCROLL)

XC4)+COSC(X(6)) +COSIX(5))
X(4)*SIN(X(6))*CCSE(X(L))
HDO1

1"




RETURN

END

FUNCTICN DENS (R)
CRA AR AN L AR AR N A A AR AN A AN SRR S A AR R A AP S AR ANRAN RSN ADANRAS
€C THIS SUBRUUTINE CONTAINS AN ANALYTICAL MODEL OF THE
C PMARTIAN ATMOSPHERE. THIS MOUEL sAS LLVELOPED AT JPL

C FROM A BEST FIT GF THE VIKING I & 11 FLIGHY DaTAe
c

COMMON/RHOD /RHOO
COEMON/HEAX /JHEAX
CO¥MON/RO/RO

RHOO
RHO1

1.56£‘2
0.01601

H= (R - R0O)/1000.0
1F (HeEQa0.0) THEN
DENS = KHO1
ELSE IF ((HeCGTe0s0)eANLe(HeLES20)) THEN
LENS = RHOI*EXP(-0.0515308*1H)
ELSE 1F ((HeGTe5e6)eANDetHaLELS50)33 THEN
LENS = RHOOSEXF(-(-025314+40.1083*H+2.188/H))
ELSL 1F ((HeGTe500)ANDa(HLE.HMAX)) THEN
LENS = RHOOC#EXP(=(~2.881¢0613962*H+4255/11))
ELSE IF (HoGT<HMAXR) THEN
LENE = (.0
END IF

RETURMN
ERD

SULROUTINE CMRCLL(RoVo AZEsHDOT,GsROULL)

CAR 22 44222 R R AR ARNRN AR ARARRARA A R R R DI RR AR I RRRAS N KR D

€ THIS SUBROUTINE CONTRGOLLS THE ROLL OF THE VEHICLE
C DURING DESCENT. FOR THIS SIMULATIONy THE VEHICLE *S
€ LIFT 1S MODULATED BY THE VEHICLE®S EANK ANGLE. THIS
€ SIMULATION HAS ASSUMED CONSTANT L/Ds M/Z7(S=CL)s AND
€C ANGLE OF ATTACK. THIS SUBROUTINE IMFLEMENTS ALL OF
C DESCENTY TRAJECTORY PKOFILE REGUIFLMENTSe SPECIFICALLY,
C THIS ROUTINE CONTROLLS THE VEHICLE®S RATE OF DESCENT
C AD FLIGHT AZIMUTH ACCCROING TOU OUR SPECIFICATIONS.
C
COMMOK/BALLCL/BALLCL
COMMON/C/G
COMMON/RO/RO
COMMON/HEQUIL/HEGQLIL =
c
H =R - RO
IF(ROLLeEGeGaU) THEN
SGN = 1.0
ELSE
SGN = ROLL/ABS(KOGLL)
ENLIF
C
IF (QaiGa0e0) THEN
ROLL = 0.0
ELSEIF ((HeLTeHEQUIL)sANDe(HDOT.LTa0e0)) THEN
KOLL = 0.0

ELSEIF (He 6T dHEQUIL) THEN
ROLL = ACOS(8.0)

102



ELSE

COSEG6 = ABS(G*BALLCL/G2(1.0 =~ Vax2/(06eR)))

IFC(CUSEG6 «6Telel2 THEN
ROLL = ACOS(0.0)
ELSL
ROLL = ACOS(CCSEGS)
ENDIF
ENG IF
IF(AZE «GT o1 5707%) THEN
ROLL = -1 40*KOLL»SGN
END IF

RETURN
END
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B e W

LEECE CEnY 4
ASCLLT FULL FLAGH
(I=FULLsoNO FULLD

ANGLL CF 2TTaC 2LPHA

FUEL FLAUL Al AcirA LOT LECL

NZCCLRS) (REFAmer. ) =
L/C =
Ho()
v (B/SECT =
CaMa (026D
HEQUIL (1)

L oen

tt e

TIME (SEC) =
A DCRRRANGE (KD
Y CRUSSRANGL (KiH) =

H ALFITULL (RO =
ATPCIPHERIC ELN:ITY (K
V VLLOCITY (M/5u =

SCCELERATION (EARTN G}
CYNaAMIC PROCILURZ (/b e
GAMA FLT. PaTh AnGLL (UL
LZE GG =

TIMZ (S5ECQ) =

¥ DOuiv®ALGE (K13 =

Y Ch{SS Ahe_ (kM) =

H ALTITUL () =
ATﬂquHhLIC PENSITY (K
vV OVILOCLITY Gi/suC)y =
ACCELERAT IO (EARTE &)
DYNAMIC FPRUSUURL (N/ow

GAMA FLT.
FLEL \DEG)

TIMC (SEC) =

X CORNKANGT (KH)Y =
Y CRESERAKRGE (K%Y =
H ALTITULL (M) =

ETMOCPPIRIC CTENSLTY (K

¥V VILCCITY (+/S8SL<) =
ACCLLERATION (LanTH &)
DYNANMIC VRESSURLD Gu/be
GAMA FLT. PaTH A%NGLL (
fZE (CEG) =

TIML (S2ZC) =

X COuNRANGE (K1) =
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WRITECIUNTITe#) ¢ (1=FUELy2=NG FUEL) S
wRITE(IUNIT =) YANGLE OF ATTALK ALPHA (ODLEG) =%4ALPHA
mRITECIUNITy#) SFUEL FLAG AND ALPHA KOT USID BY PRCGRAY?
WRITECIURNI Tex) *MZCCL2S5) (KO/Mew2) = v, ALLCL
WRITECTUNIT9m) Y L/L = ¥ 4L
WRITECIUNITa®) *H (%) = 'y
WRITECCIUNI Tex) vV (M/ZSCCY = S4a(4)
RRITECIUNI T ) YGAME (UEGI = S NGLE
ARTITLCOIUNI T =) YHEGUIL (M) = %¢5ZLUIL
AaRITCCIONT Toad YEALCLR (RG/5aa) = 8 o0 LCDR
SRITEVIUNIT o) YHUA () = % Rk
ARITECTUNT Tea) Y Vln (A 0ECY = %,uDk
WRITLCIUNTI Tex) *BALCTP (KG/M2=xe) = % 4ELL({0P
WRITECIUNI Te») YHOP (HM) = Y4HOP
SRITLCOIUNI T o) *VLP (H/SEC)Y = ¥40LP
sRITLCIUNLITen) s ®
CaAll CUTPUT(TIMEsA$1IUNIT)
ti = X¢3) - KRG
SO0 IFACTINE el TaTWaX)eaNDoCHe CToTEARH) e AR «(X{4) e 6Talal)ITHIN
uD 3006 I=1,NSTLFS
CALL RACXsLTos)
TIME = Tl4¥r + U7
330 CONTILGLL
CALL CUTFUT(TINRE X IUNIT)
H = a¢3) = RG
ELSE
wRITL(Egn)e 8
RRITL (e ») ' TERMINATION TIMLD = 7T 1ML
WRITECEs 2 ) *TIRMINATION ALTITJIOL = %44
WRITL(Ey»)Y @ -
Carsasandanwonnansns THANGE TO PRINT TINAL VALULS TO SCRIEN +#s
CALL OUTFUT(TIML oXea)
C“*‘**‘*i"'**‘l ARAFRAERAER A RAABAAT R AANAN NI A AA LD R A A AR R AR R AR S N
GC TG 995
iNDIF
GO T0 ZC¢C

C
c
93 STQP
tND
SUUBKOUTINL QUTIPUT(TINL¢XsiUNIT)
CAte At AR A A AR A R AR S A A RAR AN AN A AR A AR R A A AN P WA RDRA AN AR
€ TAlS IS Al GUTPUT ROUTINI FOR PRINTING AN EPHEMEROJUS
C OF THE DESCENT TRAJECTORY.
c




OCoO0

o]

COMMURN/ZRGA RO
COMMOM/RLLO/RILL
CmMON/LALLCO/nALLCD
LOVMON/C/ G

UDIHENSICN <(62

THETA = ROLL=*ADLEG

CRG = X{3i)/710)(Cel

CRG = X(23 /10000

H = (X(3) = K3)/Zi000e0

V = ad4)

GAMNAE = X(CZ3isRLDOES

Act = x(6Y=RAILEC

veh = VENS(X(3))

G = DaSaDENSA(L )22

A = =u/bRLLCD + O#CINCX(L3)

CALL THUTEZSIX(3)sVehst)

GLGAD = A/%.E

aRITCOIUNTI Tena) v 0

aRITUCIURLITe») TP (SECY = Yy iT40¢ " AOLL (ZES) = ' THEITA
WRITICIUNI Ty*) ¥ X LOWNAANGCT (A%} = Y90k
WRITECIUNIT o2} ¢Y LEREOSLRANGL (aAM) = 9,(50
wRITZCOIUNTITea) Y ALTIVUOD (RR) = ¢4 H

aR JTECIUNI T3 YATHOSFRIORTILS DENSITY (RG/M#a3) = Y40 0N
SRITECIUNITo#) ¥V VLLOLATY WH/JE0) = ey

ARTTE CIUNI Ter} YACCELIRATION {LaRTA G) = %450043

R LTECIUNTI To2) *DANVAMIC PRICSSURD (N hiaxl) = vy
dHITLUCIUNTI To®) YGAA FiTe PaTh &AGLE (L IG) = T43AM0
SRITECOIURNITe) VAL (DLHE) = 'salkb

RETURM
LND
SUCRUUTINE RK(X ¢UT eli)

NAR RS AR A AR S AR A B AARA R AN R AN AR RAN R AAAAA S S A AR A R AR AR &
THIS 18 & RUNGE=- wUTTA 4T TRUEK INTEGRATCRe THiS
RCUTINE ZTAFECTS Thi SUBROUTING YOIRIVY TU BL SUPPLIED

THE USLEKe

KEAL X(edoUlbd s F(G)yD ()

CALL DERIV (X933
00 1 1 = 1.N
UCI) = 0dIia{ 7T .-
UCl) = XUI3 <« (o5«0(1)
CALL TcRIVIUsT)
00 2 1 = 14N
FOI) = FCI) LT
BCI) = G(1) + CZeolnF(1)

UCL) = XCI) + GaSeF (1)
CALL CERIV(L,®)

U0 3 1 = 1k

FII) = FCI)e 0T

GUT) = O(I) + Z40*F (D)
UCl) = xC1) « £ (1)

CALL LDERIV (UyF)
DO 4 1 = 14N ’
XCI) = x(1) « (LC1) + F(I)=D1) /gl




il

e

12]
RCTUAN
N
SUSROUTINEG DLRIVOX93X)
Ctﬁﬁl*i‘iiﬁﬁ*i’!.iﬁt*'iﬁﬁ*iiﬂ*'lia*ltil**t**
C ThlS SULRGUTIGE CONTAINS THD LGUATIONS OF MGTIONe

~

C
COMMOL/LELLCLAEALLCL
COMKUIL/ERLLTU/DALLCD
COCKEONAG/L
COMMON/ROLL/NDLL

C
CIMENS ION <€) glinte)
C
G T GedalENSINI3I)2X(45)uny
HDOT =  X(4)=SIR(K(5))
CALL CRROLLUXC3)90(q) s X 59l CT s wii CLL )
C
OXC€1) = X(4)*208(ACB))«COSCX(5))
OX€2) = X{LI*SINIX(E)II*COSiN(S))
OX(2) = HG3T
OX€4) = =L/BALLCL + GASIN(X(SY)
LRC€S) = G/oALLCL 7 XCad)*ZUO(KOLL) - G/xC432L03C(X(5))
o * AlS)/RCE)Y COSIACY))
tx€6) = G/ADALLLL/ZXCEY/COSERLE)ISIN(ROLL)
CALL CHUTEG R oA C4) s DXCa3 v i)
C
¢
RE TURK
b

SUBROUTIRE CHUTES(ReVenyl)
CUHPGN/PARA/BﬂLCLﬁyRLR)VDR,bﬂiibP:EEP;VDP;IUMIT
IF AR oLE e FDR) e aND 0 (R OTe R LF Y D0 bNDw
& Vel VORY chivle(vebTe VP ITHLN
A= A =~ G/BALCUR
wRITLCIURITy# 2 'ROTOFOIL GEFLIYVED®
ELSEIF(Vel L eVIFITHEN
A= A - L/ERLCEP
WRITUC(IUNITe # )Y ARACHUTLS DI2L0YD L
ELSEIF (R el aRTF)aihilea (Vo ST WVIRIITHEN
WRITECIULITy» )Yy LOCITY YGO 416K ALORT IO JRBIT?Y
LNUIF
RETURN
LND
FUNCTION DENEC(R)
C‘i*tﬁiiii**ti*itiiltﬁili*iliilﬁti*i‘it'ﬂitt’i*iﬁtilﬁt
C THIS SUSROUTILE ZONTAINS AN ANALYTICAL KGUuEL OF THE
L MARTIAN ATKGSPHERL. THIS MOLEL s AS- DEVELOPLY AT JPL
C FnON A BUSY FIT OF THD VIKIGWG I 4 11 FLIGHT JAThS
c

COMMON/RROG/RAUO
COMMON/HMAX/HY A
COMMEON/ZRG/EG

(g}

-

loaitb-2

Geliitrl1

kHOC
RHU 1

(@)

= (R = RGY/LLDU00

IF (tietGelieal) THLN
DERLS = R0l

LSE IF ((iieCT e 0aldonisDe(HelLoe3e0)) THEN
UEHS = RBOISEXP(=0.06515306%H)

tLSE IF ((rHebTeSeB)ekNDa(Helbe50)) THEN



I L&
CGENS = HEUUrt AP (=(=(e32 16401 U833 He2aleE/H))
ZLSE SF ((heblebusllenhUeliieli o HYAK D)) THE
CENE =2 RrOUrD XP(=(=Zabtl+0eil%b*H+42e55/H))
LLSE 1IF (hebTeniANs THILN
DEILS = Lel

tNDIF
C
C
RETURN
ENC

SUBROUTING CEIGLLAR9VeRZZ o HEOGTy aoRGLLS
LARN AN AN A AR A ARA R 2 RAR A A BAR IR RN A RA AP ARSEARKE X AR R AT AR
THIS SULKCGUTISNE JUNTROLLE THt ROLL OF THE VEAICLE
DURING DESCENTe FOR THIS SIKULATIONs THE VEHICLZI'S
LIFT IS rGOUL+TED BY THE VERICLE®S SANK ANGLE. THIS
SIMULATION HnE ASGUMLD CONSTANT L/Dy 2/(5*CL)s AND
ANGLE CF ATTALRe This SUuROUTINZ 1IMFLEMLNTS ALL OF
OESCENT TRAJECTORY PROFILL RLuWwUIRKIMENTSe SPICIFICALLYY
THIS ROUTINE CONTROLLS THi VULHICLZI®S RATE OF JESZINT
Ao FLIGHT AZIMUTA ACCORDING TO OJX SPECIFICATIONS.

o

OO0 00

COMMON/EALLCL/LALLTL
COMMOKN/L/G
COMPCN/RO/ RO
COMMON/NLQCIL/HEWUIL

A=K
IF (RCL
SCN
tLSE

SGN
tNCIF

RO
let

~

53 InlN

e

RCLL/ZALSC(RULL?

-

IF (welGelol) THIN
RCGLL = Ca(
CLSEIF ((He LTadEGUIL) aitUe (HUCToLTe302)THEN
KOLL = 0.0
tLSEIF(HeGTeRIGUIL) THLH
RCLL = ACGS(La0)
LLSE
C38Z LG
IF¢Cost
RGLL
clSL
FILL = ACIS(CLSEGE)
ENOIF
ENDIF -
IF(AZE e GTe 16570793 THLN
ROLL = =10t ROLL*30w
LNDIF

ABSCG*D ALLCL/GK{1lel = V242/(G*R)))
CUeblelall) THON

AlLIL(Le )

4

It

@ N @)

RETURN
LNO
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APPENDIX



GEEmE O MIILAWEA + VA A M N N Y S A AL | r'f\o'cr\',/f/'v’il'él

A0 ! T
UESC3 DESCENT EPHEMERIS SAMILE CUTPT
ASCENT FUEL FLAG: i
(1=F UELy 2=NO FUEL)
ANGLE OF ATTACK ALPHA (DEG) = 40.00000000000
FUEL FLAG AND ALPHA NGT USED BY PROGRAM
“/7(CL*S) (KG/MasZ) = 1675.5060000600
L/D = «8571000000000
A (M) = 4246.350000000
V (M/SEC) = 7913374060060
GAMA (DEG) = -2.207443500000
HEQUIL (M) = 7000.000000000
SALCOR (KG/M#%2) = 58.80000000000
HOR (M) = 4000.000000000
VOR (M/SEC) = 775.0000000000
SALCDP (KG/M»#2) = 58.800000060000
HOP (M) = 2000.000000000
YOP (M/SEC) = 235.000000G000
TINE (SEC) = G ROLL (DEG) =
A DOWNRANGE (KM} = o
Y CROSSRANGE (KM) = o
H ALTITUDE (KM) = 4.2483499595994
ATMOSPHERIC DENSITY (KG6/H#23) = 1.2862198399350~02
W VELOCITY (M/SEC) = 791.3974C60600
ACCELERATION (EARTH 6) = -e30G5618938384
DYNAMIC PRESSURE (N/M#a2) = 4027.660602253
GAMA FLTe PATH ANGLE (DEG) = =-2.207406521657
AZE (DEG) = o
TIME (SEC) = 2.0000060600600 ROLL (DEG) =
X DOWNRANGE (KM) = 1.575651823554
Y CROSSRANGE (KM) = o
H ALTITUDE (KM) = 4.185320748582
ATMOSPHERIC DENSITY (KG/HM#%3) = ©290404206394E-02
¥ VELOCITY (M/SEC) = 785.5223205988
ACCELERATION (EARTH 6) = -e2966593230255
DYNAMIC PRESSURE (N/Ms#2) = 3961.189357536
GAMA FLT. PATH ANGLE (DEG) = ~24375191624797
AZE (DEG) = o
TIME (SEC) = 4.000000000600 ROLL (DEG) =
X DOWNRANGE (KM) = 3.139411887093
Y CROSSRANGE (KM) = 0
H ALTITUDE (KM) = 4.118103340358
ATMOSPHERIC DENSITY (KG/Ms#3) = - 1.294881515533E-02
V VELOCITY (M/SEC) = 779.68906 13868
ACCELERATION (EARTH ) = -e2565913175203
DYNAMIC PRESSURE (N/Mwea2) = 3935.890198553
GAMA FLT. PATH ANGLE (DEG) = =2¢548580595490
RZE (DEG) = 8
TIME (SEC) = 6.000000000000 ROLL (DEG) =
X DOMNRANGE (KM) = 4.691343363731
Y CROSSRANGE (KM) = 0
H ALTITUDE (KM) = 4.046613273248
ATMOSPHERIC DENSITY (KG/M##3) = 1.2996606796630-02
V VELOCITY (M/SEC) = 773.89508 34755
ACCELERATION (EARTH 6) = -e2945545598960
DYNAMIC PRESSURE (N/M»#2) = 3891.922283657
GAMA FLT. PATH ANGLE (DEG) = =2e727517952265




1 a2E (DEG) = ¢
:JJOTOFOIL DEPLOYED
ROTOFOIL DEPLOYED
OTOFOIL DEPLOYED
‘oromu DEPLOYED

TIME (SEC) = 8.000000000000

' COWNRANGE (KM) = 6210597628943

CROSSRANGE (KH) = 0

H KLTITUDE (KM) = 3.971783351690

lTHOSPHERIC DENSITY (KG/Ms»J) =

ROLL (DEG) =

1.304581905484E-02

VELOCITY (M/SEC) = 717.0706572497
CCELERATION (EARTH 6) = ~6078729076064
YNAMIC PRESSURE (N/M=»22) = 3354.274081245

iAHA FLT.

PATH ANGLE (DEG) =

ZE (DEG) = ]

ROTOFOIL
OTOFOIL
OTOFOIL

ROTOFOIL
OTOFOIL

‘OIOFOIL

ROTOFOIL

ROTOFOIL
lorom IL

TIME (SEC) =
' DOBNRANGE (KM) =

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

10.00000000000
7535266457043

CROSSRANGE (KM) = G

H ALTITUDE (KM) =
iTHOSPHERIC DENSITY (KG/H=**3) =

3.900701057 374

-249250061 09646

ROLL (DEG) =

1.30945695238683E-02

VELOCITY (M/SEC) = 614.5747078044
CCELERATION (EARTH 6) = -4 4450277455741
DYNAMIC PRESSURE (N/Ks22) = 2473.751779742
AMA FLT. PATH ANGLE (DEG) = -3.2509810610657
2E (DEG) = 6
ROTOFOIL DEPLOYED
OTOFOIL DEPLOYED
‘O‘IOFOIL DEPLOYED
ROTOFOIL DEPLOYED
ROTOFO1L DEPLOYED
OTOFOIL DEPLOYED
OTOFOIL DEPLOYED
ROTOFOIL DEPLOYED
OTOFOIL ODEPLOYED
TIME (SEC) = 12.000000060000 . ROLL (DEG) =
DOMNRANGE (KM) = 8681951581564
‘ CROSSRANGE (KM) = [
ALTITUDE (KM) = 3.831211144596

ATMOSPHERIC DENSITY (KG/M#*s3) =

1.3141570738B75E-0C2

l VELOCITY (M/SEC) = 537.4929544638
CCELERATION (EARTH G6) = ~3.453862349624
DYNAMIC PRESSURE (N/M#*22) = 1898+ 305634738
AMA FLT. PATH ANGLE (DEG) = -3«717881024C48
*ZE (DEG) = 0
OTOFOIL DEPLOYED
OTOFOIL DEPLOYED
‘OTOFOIL DEPLOYED
OTOFOIL DEPLOYED
ROTOFOIL OEPLOYED
DEPLOYED

lOTO FOIL

(-]

125



ROTOFOIL DEPLOYED
ROTOFOIL DEPLOYED
ROTOFOIL DEPLOYED

TIME (SEC) = 14.00000000000
X DOWNRANGE (KM) = 9.691839716979
Y CROSSRANGE (KM) = 0
H ALTITUDE (KM) = 3.760583800793

ATMOSPHERIC DENSITY (KG/Ha2x3) =

ROLL (DEG) =

1318958674475E~02

V VELOCITY (M/SEC) = 477.1885827873
ACCELERATION (EARTH 6) = -2e741370442332
DYNAMIC PRESSURE (N/M»»2) = 1501.693431705
GAMA FLT. PATH ANGLE (DEG) = -4.316328108790
AZE (DEG) = 0

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL ODEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL GEPLOYED

ROTOFOIL ODEPLOYED

TIME (SEC) = 1600000000000 ROLL (OEG) =
X DOKNRANGE (KM) = 10.59308735910

Y CROSSRANGE (KM) = 0

o ALTITUDE (KM) = 3.687097851664

~TMOSPHERIC DENSITY (KG/Ha23) =

1.323362752395E-02

V VELOCITY (M/SEC) = 4287189451048
ACCELERATION (EARTH 6) = -2231375536502
DYNAMIC PRESSURE (N/Ms22) = 1216721341040
GAMA FLTe. PATH ANGLE (DEG) = ~50339756 37252
AZE (DEB) = ]

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL OEPLOYED

ROTOFOIL DEPLOYED

ROTOFOIL DEPLOYED

TINE (SEC) = 18.00000000000 ROLL (DES) =
X DOWNRANGE (KM) = 11.40574043951

Y CROSSRANGE (KM) = o -

i1 ALTITUDE (KM) = 3609629850805

ATMOSPHERIC DENSITY (KG/Mx%x3) =
V VELOCITY (M/SEC) =
ACCELERATION (EARTH 6} =
DYNAMIC PRESSURE (N/M*»2) =

GAMA FLT. PATH ANGLE (DEG) =

AZE (DEG) =

ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

1.329258565295E-02
38B.8549618434
-1.8543449561808
10084.973957417
-5.884368436112
]

[se]

[ ]




i
|
t
I

L

T

OTOFOIL

CEPLOYED

TIME (SEC) =

DOMNRANGE (KM)
CROSSRANGE (KM)
ALTITUDE (KM) =

20.00000000G0060
= 1214452858265

G
3.5274 34561864

ATMOSPHERIC DENSITY (KG/M*s3) =

17

ROLL (JEG) =

[

1.334300702711E-02

't VELOCITY (M/SEC) = 355.4328697148
CCELERATION (EARTH G) = ~1.5685769 79626
OYNAMIC PRESSURE (N/Ms#2) = 843.2066811456
AMA FLT. PATH ANGLE (DEG) = =-6.845289682860
2E (DEB) = 0
ROTOFOIL DEPLOYED
0TOFOIL DEPLOYED
‘omsou DEPLOYED
OTOFOIL DEPLOYED
ROTOFOIL DEPLOYED
'OTOFOIL DEPLOYED
OTOFOIL DEPLOYED
ROTOFOIL DEPLOYED
‘DTOFOIL DEPLOYED
IME (SEC) = 22.00000000000 ROLL (DEG) = o
COWNRANGE (KM) = 12.82054846824%
‘ CROSSRANGE (KM) = o
ALTITUDE (KM) = 3.440021005690

ATHOSPHERIC DENSITY (KG/M*a3) =

VELOCITY (M/SEC) =

'cccu:knxou

DYNAMIC PRESSURE (N/M##2) =
AMA FLT. PATH ANGLE (DEG) =

‘zc (DEG)

QTOFOIL
ROTOFOIL
0TO0FOIL
OTGFOIL
ROTOFOIL
ROTOFOIL
OTOFOIL
ROTOFOIL

‘OTO FOIL
IME (SEC) =

(EAR

CEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
CEPLOYED
DEPLOYED

X DOWNRANGE (KM)

CROSSRANGE (KHK)
ALTITUDE (KM) =

TH 6) =

0

24.00000000000
= 13.44232763516
= G
3¢347079649612

ATMOSPHERIC DENSITY (KG/H=»3) =

VELOCITY (M/SEC) =
‘cccu:anmu CEARTH G) =
YNAMIC PRESSURE (N/M##2) =
GAMA FLTe PATH ANGLE (DEG) =
.zc (DE6) = -
DEPLOYED

OTOFOIL
ROTOFOIL
0TOFOIL
0TOFOIL
ROTOFOIL
OT0+OIL
‘OTOFOIL
OTOFOIL
ROTOFOIL

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

1]

1.340527313438%E-C2 -

226.9477786718
-1.347128868301
7166911200073
=7.9233624 36235

ROLL (2EB) = ]

14347364877057E~02

3023202819277
-1172567542058
£15.7292628954
-9.113732946195



TIME (SEC) = 2600000000000
X LCOWNRANGE (KM) = 1401652407287
Y CROSSRANGE (KM) G
H ALTITUDE (KM) = 32484 38557938

ATMOSPHERIC DENSITY (KG/M*s3) =

V VELOCITY (M/SEC)
ACCELERATION
DYNAMIC PRESSURE (N/M=222) =
GAMA FLTe PATH
AZE (DEG)

ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL

CEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

TIME (SEC) =

X COWNRANGE (KM)
Y CROSSRANGE (KM)
H ALTITUDE (KM) =
ATHMOSPHERIC DENSITY (KG/M*a3) =

¥ VELOCITY (M/SEC)
ACCELERATION
ODVYNAMIC PRESSURE (N/M»s2) =
GAMA FLT« PATH ANGLE

AZE (DEG) =

ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
ROTOFOIL
RATOFOIL
ROTOFOIL
ROTOFOIL

CEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

TIKE (SEC) =
X DOKNRANGE (KM)
Y CROSSRANGE (KM)

H ALTITUDE (KM) =

(EARTH 6)

ANGLE (DEG) =

(EARTH &) =

(DEG) =

ROLL (DEG)

1.354231041740E-02

280.7555193516
= ~1.032961781009

0

28.00000000000
14.54840222191

]

3144036726415

533.7272471258
~10.41619691110

ROLL (DJEG)

1.361536315956E-02

2616548381665

0

30.00000000000
15.04216663524

0
3033908006042

ATMOSPHERIC DENSITY (KG/M#*23) =

V VELOCITY (M/SEQ)
ACCELERATION
JYNAMIC PRESSURE (N/Mx2*2) =

GAMA FLTe PATH ANGLE (DEG) =

AZE (DEG) =

ROTOFOIL
ROTOFOIL
ROTOFOIL
HROTOFOIL
ROTOFOIL

DEPLOYED
OEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

(EARTH 6) =

-e91995542362861
466.0760354362
~1l«6¢9476196¢€8

ROLL (DEG)

1.369285029439E~-02

244.55B4485671

0

PARACHUTES DEPLOYED
PARACHUTES DEPLOYED
PARACHUTES DEPLOYED
PARACHUTES DEPLOYED

TIME (SEC) =
X DOMNRANGE (KM) =

32.00000000000
15.50120221726

-e8275971532242
409.4757103812
-13635272719633

ROLL (DEG)

-—
-

-
-




In
i

A

¥ CROSSRANGE (KM) = 1]
@’E ALTITUDE (KM) = 2.918171742395
"L TMOSPHERIC DENSITY (KG/H243) = 1.377475821708E-02
| V- VELOCITY (M/SEC) = 229.1071068959
\ CCELERATION (EARTH 6) = -«7514781658703
@B YNAHIC PRESSURE (N/M#s2) = 361.5189669372
. GAMA FLTe PATH ANGLE (DEG) = =14.98516947763
ZE (DEG) = 0
ARACHUTES DEPLOYED
PARACHUTES DEPLOYED
. _PARACHUTES DEPLOYED
‘ARACHUTES DEPLOYED
ARACHUTES DEPLOYED
PARACHUTES DEPLOYED
ARACHUTES DEPLOYED
ARACHUTES DEPLOYED
PARACHUTES DEPLOYED
llxnz (SEC) = 34.00000000000 ROLL (DEG) = G
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2E (DEG) 0
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‘ARICHUIES DEPLOYED
ARACHUTES DEPLOYED
ltxne (SEC) = 36.00000000000 ROLL (DEB) = o
DOKNRANGE (KM) = 1632554889183
Y CROSSRANGE (KM) = 0
ALTITUDE (KM) = 2.6707540501£0

TMOSPHERIC DENS ITY (KG/M»x=23) =

1.395150554800€£-02

V VELOCITY (M/SEC) = 202.0556215036
CCELERATION (EARTH 6) = -e63570764 15487
EYNAHIC PRESSURE (N/Ma»2) = 284.7953925637
AMA FLTe. PATH ANGLE (DEG) = -1857478173154
AZE (DEG) = 0
ARACHUTES DEPLOYED
ARACHUTES DEPLOYED
PARACHUTES DEPLOYED
ARACHUTES DEPLOYED
EARACHUTES DEPLOYED
ARACHUTES DEPLOYED
ARACHUTES DEPLOYED
ilRACHUTES DEPLOYED
ARACHUTES DEPLOYED
IME (SEC) = 3800000000000 ROLL (DEG) = 0
DOWNRANGE (KM) = 1669492388908 '
Y CROSSRANGE (KM) = b
(KM) = 2539706417665

" ALTITUDE



ATMOSPHERIC DENSITY (KG/Mas3) =

V VELOCITY

ACCELERATION
OYNAHIC PRESSURE (N/M»=2) =
FLY. PATH

GAMA
AZE (DEG)

PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES

TIKE (SEC)

(H/SEC)

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYLED
DEPLOYED
DEPLOYED

X DOHNRANGE (KH) =
Y CROSSRANGE (KM) =

H ALTITUDE

ATHOSPHERIC DENSITY (KG/Ms=»3) =

V VELOCITY

ACCELERATION
DYNAMIC PRESSURE (N/M#22) =
GAMA FLT. PATH ANGLE (DEG) =

ARZE (DEG)

PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES

TIME (SEC)

X DOUNRANGE

(KM) =

(M/SEC)

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYLD
DEPLOYED
DEPLOYED
DEPLOYLED
DEPLOYED

(KM) =

Y CROSSRANGE (KM) =

H ALTITUDE

ATHOSPHERIC DENSITY (KG/M»x3) =

vV VELOCITY

ACCELERATION
UYNAMIC PRESSURE (N/H222) =
PATH ANGLE (DEG) =

SARA FLT.

(KM) =

(M/SEC)

AZE (DEG) =

PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
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PARACHUTES

TIMKE (SEC)

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
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X DOMNRANGE (KM) =

Y CROSSRANGE
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(KH) =
(KM) =

(EARTH &)

ANGLE

-

(EARTH 6) =

-
-

(EARTH G) =

(DEG) =

190.0400663762
= -+5916657506553

o

40.00000060000
17.03788360632

0
2404318820924

1]

42.00000000000
17.35567905087

G
2265104331553

0

44.00000000000
17.64936032058

0
2122655933157

ROLL

253.53793952¢€69
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ROLL (DEB)

ROLL (DEG)

(DEG)

1¢404603884853%E~02

-
-

1.414437551144E-02
178.8160242377
-«5547206593350
22641344094682
-22453251630421

1.424620974773E-C2
168.2564394462
-«5236879946321
201.5567331271
-24.75985696838

ATMOSPHERIC DENSITY (KG/Ma*3) =
V VELOCITY (M/SEC) =

1.435116851703E~-02
158.2550775144
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‘ARA CHUTES
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‘ARA CHUTES
ARACHUTES

IME (SEC)

DOWNNRANGE

FLYe PATH ANGLE (DEG)
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DEPLOYED
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DEPLOYED
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DEPLOYED
DEPLOYED

(KM) =

Y CROSSRANGE (KM) =

ALTITUDE

VELOCITY

CCELERATION
[YNAHIC PRESSURE (N/MK»»x2)

AMA FLT.
AZE (DEB)
ARACHUTES
ARACHUTES
PARACHUTES
ARACHUTES
‘ARA CHUTES
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PARACHUTES
ARACHUTES
ARACHUTES

COWNRANGE
Y CROSSRANGE

lIHE (SEC)

ALTITUDE

VELOCITY

ACCELERATION (EARTH G) =
lYNAHIC PRESSURE (N/NH222)
PATH ANGLE (DEG)

-

AMA FLT.
AZE (DEG)
ARACHUTES
‘ARA CHUTES
ARACHUTES
P ARACHUTES
ARACHUTES
ARACHUTES
PARACHUTES

ARACHUTES
ARACHUTES

(KM) =

(M/SEC)

PATH ANGLE (DEG)

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

-

(KM) =
(KM) =
(KM) =

(M/SEC)

DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

IME (SEC)
COWNRANGE (KM) =

CROSSRANGE (KM) =

H ALTITUDE

VELOCITY

ACCELERATION
'YNAHIC PRESSURE (N/Ms»2)

(KM) =

(M/SEC)

(EARTH G) =
YNAMIC PRESSURE (N/M»s2)

~e49576169838303
1797101366479
~27.063149997195

46.0000000C000
17.9198233826¢C

ROLL (DJEG)

1.977646853089%
‘IHOSPHERIC DENS ITY (KG/M»s3) 1.445880834007E-02
148.7225134851
-e 4757352870023
159.9027521082

-29+40622206019

(EARTH G)

48.0000000000C
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ROLL (DJEG)
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S0.00000000000
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(EARTH G) =
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(KM) =
£ (KM) =
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0

56.00000000000
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0
1.243197574543

ATMOSPHERIC DENSITY (KG/M»*=3) =

V VELOCITY
ACCELERATIO
JYNAMIC PRE

GAMA FLTe PATH ANGLE

AZE (DEB) =

(M/SEC)

N C(EARTH 6) =
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(DEG) =

SSURE

ROLL CEG) =

1.501551448895E-02
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0

-e4102704997553
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—42.76652000328
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%J ARACHUTES DEPLOYED
"SBARACHUTES DEPLOYED
PARACHUTES DEPLOYED
S ‘ARACHUI €S DEPLOYED

 BRARACHUTES DEPLOYED
| "BARACHUTES DEPLOYED
. PARACHUTES DEPLOYED
! imucuur ES DEPLOYED

ARACHUTES DEPLOYED

IME (SEC) = 58 .00000000060 ROLL (DJEG) = 0
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AMA FLTe PATH ANGLE (DEG) = ~45,71987973797
AZE (DEG) = 6
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ARACHUTES DEPLOYED
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ARACHUTES DEPLOYED
iARA CHUTES DEPLOYED
ARACHUTYES DEPLOYED
PARACHUTES DEPLOYED
ARACHUTES DEPLOYED
ARACHUTES DEPLOYED

IME (SEC) = 60.0600000000G ROLL (JDEG) = 0
' DO#NRANGE (KM} = 1922264353944
CROSSRANGE (KM) = G
H ALTITUDE (KM) = 9634151685367
TMOSPHERIC DENSITY (KG/Msx3) = 1.523458156044E-0c
VELOCITY (M/SEC) = £9.95591119£99
ACCELERATION (EARTH G) = -+ 3975251834113
YNAMIC PRESSURE (N/Mws2) = 61.65074112235
AMA FLTe PATH ANGLE (DEG) = 4876003969618
A2L (DEG) = G

ARACHUTES DEPLOYED
ARACHUTES DEPLOYED
PARACHUTES DEPLOYED
IARACHUT ES DEPLOYED
ARACHUTES DEPLOYED
PARACHUTES DEPLOYED -
'ARACHUTES DEPLOYED

iARA CHUTES DEPLOYED

ARACHUTES CEPLOYED

1IME (SEC) = 62.000000060000 ROLL (DEG) = G
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ACCELERATION (EARTH 6) = -e3931474177317

YNAMIC PRESSURE (N/M##2) = 51.86935620681
.Am\ FLTe PATH ANGLE (DEG) = -51.68323277458

Z2E (DEG) = 6 ‘

PARACHUTES DEPLOYED
RACHUTES DEPLOYED
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TIME (SEC)

DEPLOYED
CEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED

b DOHNRANGE (KM) =
Y CROSSRANGE (KM) =

H ALTITUDE

(KM) =

64.0000000000G
19.42601052645

¢
«7050045178384

ATMOSPHERIC DENSITY (KG/M#»s3) =

V VELOCITY

ACCELERATION (EARTH G)
DYNANIC PRESSURE (N/Hxs2) =
GAMA FLTe PATH ANGLE (DEG) =

AZE (DEG)

PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES
PARACHUTES

TIME (SEC)

(M/SEC)
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DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
DEPLOYED
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X DOHNRANGE (KM) =
Y CROSSRANGE (KM) =

H ALTITUDE

(KM) =

ROLL (DEG)Y =

1.543580339605E~02

74.56817843713
= -e36964194 35111

]

66.00000000000
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G
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ATMOSPHERIC DENSITY (KG/M=»23) =

V VELOCITY

ACCELERATION
DYNAMIC PRESSURE (N/M#22) =
PATH ANGLE (DEG) =

GAMA FLT.

AZE (DEG)

PARACHUTES
PARACHUTES
PARACHUTLS
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TIME (SEC)

(M/SEC)
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DEPLOYED
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X DOWNRANGE (KM) =

Y CROSSRANGE (KM) =

H ALTITUDE

(KM) =

(EARTH 6)
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-55.08526957269

ROLL (DEG) =

1.553316754572%E-0C2
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= -« 3869465079291

0

66 .00006000G00G
12.56689514668

0
«4773552128971

ATMOSPHERIC DENS1TY (KG/Has3) =

V VELOCITY

ACCELERATION
DYNAMIC PRESSURE (N/M222) =
ANGLE (DEG) =

GAMA FLT.
AZE (DEG)
PARACHUTES

PATH

(M/SEC)

DEPLOYED

(EARTH G) =

34.82134220244
-58.36152363766

ROLL (DEG) =

1.562098231946E~02

59.39552674614

o

-+3849172553588
2755807407343
-61.70695928150

u
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APPENDI®

The specific impulse |, Isp, calculation for the stochiometric

cornbustion of methane and oxygen is as follows:

Isp= | 20018 { Tc [! : (Pe/pc)"f?ﬂ

ge ¥ e

sing the chamber pressure of the Space-Shuttle main engines as
state-of-the -art, P¢ = 3000 psia, and assuming expansion to Mars
sea-ievel pressure, C.115 psia, with the CH,-O5 combustion flame

temperature of 7344%R, and a resulting ratio of specific heats of 1.19, the

lep is:
Isp (Jsl) = [2(778.26)(1.8) |[116\ (7344 [1 - [0115](16/116)
322284 W\ 16) 2866 3000

Isp(dsl) = 361.78 secs = 3547.87 N-s/kg = 3540 N-s/kg

For expansion to vacuum conditicns, the isp is:

Isp (vac) = [2(778.26)(1.8) l[ue] (7344)
322284  f\.16) 2666

Isp (vac) = 416.62 secs = 4085.65 M-s/kg
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